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HE use of molecular beams—a general term 

referring to beams of either atoms or 
molecules—originated in 1921 with the famous 
Stern-Gerlach experiment, which gave the first 
direct evidence of space quantization. In the last 
ten years the most interesting applications of the 
molecular beam technic have centered around 
the measurement of the magnetic moments and 
angular momentums of atomic nuclei, and have 
been carried out principally in the laboratory of 
I. I. Rabi at Columbia University. Out of the 
methods there developed has grown the new 
technic of radiofrequency spectroscopy; this origi- 
nated as a means of precision measurement of 


nuclear magnetic moments but has, in addition,, 


opened up completely new vistas in atomic and 
molecular physics. The method is most easily 
thought of as measuring the separation of closely 
adjacent energy levels of atoms and molecules; 
the energy differences involved are so small that 
the frequency of the electromagnetic radiation 
associated with them—as given by the Bohr 
frequency condition, En—E,=hvmz—lies in the 
radiofrequency range. 

Because of the great importance of radio- 
frequency spectroscopy we shall place on it the 
primary emphasis of our discussion ; and to show 
in proper perspective its development from the 
earlier molecular beam experiments, these will 
also be briefly described. 


* Society of Fellows, Harvard University. 


Perhaps it should be emphasized that the 
beauty of molecular beam experiments, taken as 
a whole, lies in the fact that they deal with com- 
pletely isolated molecules. These molecules are 
widely separated and suffer no collisions during 
the experiment—that is, during the time neces- 
sary for a molecule to travel the length of the 
beam as a result of its thermal velocity. Mean- 
while they may be subjected to carefully con- 
trolled external force fields which will cause their 
paths to deviate slightly from a straight line. 
Total deflections as small as a micron (or 10~* of 
the beam length) produce significant effects. The 
presence, absence or extent of such deflections 
are the observables of the experiment, and the 
interpretation of results in terms of the inter- 
action of a single molecule with the external force 
field is simple and direct. 


1. Molecular beam technic ‘ 


In‘ this section we shall discuss a few general 
features common to the various types of mo- 
lecular beam apparatus. Among such features 
are (1) a source slit from which molecules effuse, 
(2) a collimating slit through which pass those 
molecules whose paths lie within a narrow beam, 


(3) magnets for deflecting this beam and (4) a 


means of detecting the molecules of the beam at 
the end of their journey. 

The source slit is usually 0.01 or 0.02 mm wide 
and a few millimeters in height. Behind it is a 
chamber in which the substance under inves- 
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Fic. 1. Two-wire deflecting magnet, cross section per- 
pendicular to beam; field wires enlarged relative to 
Duralumin block. The limiting positions of the beam are 
shown by A and B. 


tigation exists at a pressure of a few millimeters 
of mercury. For some substances which have 
been used, a temperature of 1500°K is necessary 
to obtain this vapor pressure. 

The collimating slit is similar to the source 
slit. Perhaps contrary to one’s first guess, the 
optimum position is generally midway between 
source and detector. Both slits may be moved 
laterally to adjust the position of the beam with 
respect to the deflecting magnet. 

Let us now consider the principles involved in 
the construction of this deflecting magnet. For 
this purpose we may visualize the molecule as a 
top or gyroscope that has a magnetic moment wu 
parallel to the axis of rotation. This top conse- 
quently experiences a torque when placed in a 
magnetic field H and so precesses about H; but 
there is a net translational force on it only if the 
field is inhomogeneous. The potential energy of 
the molecule—or the analogous top—in the 
field is —yH cosé, where @ is the angle between 
u and H. Since @ normally remains constant 
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during the precession of wu about H, the y-com- 
ponent of the net translational force on the 
molecule is F,=y cosddH/dy. Clearly this force 
vanishes when H is uniform. We have written 
down the y-component of the force since we 
shall take the Y-axis as horizontal and per- 
pendicular to the horizontal beam. 

Since the beam is high and narrow, we want a 
deflecting magnetic field in which H varies 
rapidly in the horizontal, y-direction but is 
quite constant in the vertical direction. This is 
accomplished very satisfactorily by employing a 
‘“‘two-wire’’ deflecting magnet, which consists of 
two horizontal parallel wires that carry current 
in opposite directions. Figure 1 shows a cross 
section perpendicular to the beam. The smaller 
the radius a of the wires, the larger is the value 
of dH /dy for a given value of H. But too much 
reduction in a makes sufficient water-cooling of 
the wires impossible and reduces the height and 
intensity of the beam; the lower limit to a is of 
the order of 1.5 mm. This limits H roughly to 
1200 gauss or less. If stronger fields are required, 
one may make an iron electromagnet having a 
field of the same characteristics by using pole 
faces whose surfaces correspond to equipotentials 
of the two-wire field. This has the slight disad- 
vantage that H is no longer directly proportional 
to the exciting current. Figure 2 shows such a 
deflecting magnet. 

Turning now to detection of the beam, we 
find that the two most extensively used devices 
are the Stern-Pirani gauge and the Taylor surface 
ionization detector. The surface ionization gauge 


Fic. 2. Iron deflecting magnet, cross section perpen- 
dicular to beam. The gap is 1.06 mm wide. The exciting 
current is carried by four turns of heavy water-cooled 
copper. 
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is used for atoms with low ionization potentials 
—Li, Na, K, Cs, Rb, In, Ga and Ba—or for 
molecules containing these atoms. Such an atom 
may be ionized by evaporating it from a metal 
surface that has a work function higher than the 
atom’s ionization potential, since the surface then 
attracts the valence electron more strongly than 
does the atom. In actual practice the beam is 
allowed to fall on a hot tungsten filament 0.001 
or 0.002 in. in diameter, and the beam intensity 
is measured by the current of positive ions boiled 
off by this filament. The work function of the 
pure tungsten filament (4.54 electron-volts) may 
be raised considerably by playing on it a con- 
tinuous, minute stream of oxygen; this stratagem 
makes it possible to use a surface ionization 
gauge to detect atoms that have ionization po- 
tentials slightly above 5.0 electron-volts. 

A horizontal cross section of the most recent 
type of Stern-Pirani gauge is shown in Fig. 3. 
Four nickel ribbons form the arms of a Wheat- 
stone bridge and are heated by a constant 
current; their temperature, and hence their 
resistance, depends upon the rate at which heat 
is conducted away by the gas which is present. 
All four ribbons are exposed to the residual gas 
pressure in the whole vacuum system, but only 
one pair is exposed to the increased pressure 
which is built up in one side of the gauge by a 
beam of molecules of a stable gas. The beam thus 
unbalances the Wheatstone bridge, and the 
degree of unbalance is a measure of the beam 
intensity. 


2. Atomic hyperfine structure in a magnetic field 


The atomic beam experiments which we shall 
discuss depend on the behavior of the energy 
levels into which the ground state of an atom is 
split by the influence of an external magnetic 
field and a nuclear magnetic moment. Prior to 
discussing the experiments themselves we shall 
summarize the general effect of nuclear moments 
on this behavior. Molecular energy levels are 
more conveniently discussed in connection with 
the corresponding experiments (Secs. 6 and 7). 

It is now known that nuclear angular mo- 
mentums, like electronic angular momentums, 
have magnitudes of the order of h/27. As might 
be expected from this fact and from the very 
small charge-mass ratio of nuclei as compared to 
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Fic. 3. Horizontal cross section of Stern-Pirani gauge for 
measuring intensity of beams of stable gases. 


electrons, nuclear magnetic moments are much 
smaller than those of electronic states. The latter 
are of the order of a Bohr magneton po 
[=eh/4amc | whereas the former are more con- 
veniently measured in terms of a nuclear mag- 
neton, namely, uom/M, where m and M are the 
electron and proton masses, respectively. 

In the absence of any magnetic fields, either 
nuclear or external in origin, an atomic state with 
total extranuclear angular momentum J will 
appear as a single energy level.1 The magnetic 
field of a small nuclear magnetic moment splits 
this level, since it introduces an interaction 
energy of nucleus and electrons, this energy 
being proportional to cos (I, J). The resulting 
group of closely spaced levels is called a hyperfine 
structure multiplet (hfs multiplet, for short). The 
total splitting is designated by AW when ex- 
pressed in ergs and by Av when measured in the 
convenient unit ‘‘em™.”” (AW=LcAv.) 

Each level of the hfs multiplet is characterized 
by a fixed relative orientation of I and J,'that is, 
by a value of F, the total angular momentum 
quantum number; F may have the values J+J, 
I+J—1,---|I—J|. For a level with given F, 
cos (I, J) is proportional to F(F+1) minus a 
constant; hence the interval between two ad- 


_ jacent levels F’ and (F’—1) is proportional to F’. 


1 J is a vector giving the angular momentum in units of 
h/2zm; its magnitude is [J/(J+1)]!, where J is the angular 
momentum quantum number. Similar statements hold for 
the angular momentum vectors I and F and their respective 
quantum numbers J and F; I is the nuclear angular mo- 
mentum (or ‘nuclear spin’) and F is the total angular 
momentum of the atom—that is, F=I-+ J. 
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Fic. 4. Hyperfine structure of 2S; state for I=} 
(hydrogen) and J=1 (deuterium). Each level is labeled 
with both its weak-field and strong-field quantum numbers. 
Both diagrams correspond to positive nuclear moments. 
The weak-field quantum number F is not shown; reading 


down, the four groups of weak-field levels should be 
labeled: F=1, 0, 3, 3. 


(This is an example of the familiar Landé 
interval rule which also occurs in Russell- 
Saunders coupling in fine structure, where 
J=L-+S.) 

We shall have to deal only with 2S; states, for 
which there are just two levels, F=J+3. In this 


42I+1 Ro’Z pu 
Apa— ——— —— — cm", (1) 
3 I n® wo 


where R is the Rydberg constant, a is the fine 
structure constant [=1/137] and n* is the 
effective quantum number. 

All this, of course, is for zero external magnetic 
field; I and J precess about their resultant, F, 
which remains fixed in direction. In a sufficiently 
weak, external magnetic field H, directed, say, 
along Oz, I and J continue to precess rapidly 
about F, which in turn precesses slowly about 
H; F may have any one of 2F+1 orientations 
characterized by values of Mr (the projection of 
F upon Oz) ranging from F to —F in integral 
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steps.* The additional energy of interaction with 
H is proportional to MrH. Thus each F-level 
splits into 2F+1 equally spaced levels; this is 
the Zeeman effect of hfs, corresponding to region 
A in Fig. 4. 

When H is large enough to be comparable to 
the field of the nuclear magnetic moment at the 
position of the electrons, a complicated dynamical 
situation ensues. For any given state, cos (I, J) 
and the magnitude of F are no longer constant, 
although Mr is constant. Even though the 
quantum number F no longer has a simple 
physical significance, each level may for con- 
venience be labeled by the values of F and M, 
which it had in the weak field. 

When H is sufficiently large, I and J are com- 
pletely decoupled; they precess independently 
about H, that is, about Oz, their projections on 
Oz being denoted by Mr and M,, respectively. 
This is the Paschen-Back region of hfs, region C 
in Fig. 4. It corresponds, on a gross scale which 
overlooks the influence of the nucleus in Fig. 4, 
to the splitting of the original J state into 2J+1 
levels each characterized by M,; it is thus the 
ordinary Zeeman region of fine structure. 


ATOMIC MOMENT IN BOHR MAGNETONS 


Fic. 5. Effective moments of the various hfs levels of 
the 2S; state for J=4. The two sets of quantum numbers 
correspond to positive and negative nuclear moments; the 
actual proton moment is positive. 


* Mr is called a magnetic quantum number; more specifi- 
cally, it is the magnetic quantum number of the total 
angular momentum. We shall shortly have occasion to 
refer to M;and My, the magnetic quantum numbers of the 
nuclear and electronic angular momentums, respectively. 
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SELECTOR 
Fic. 6. Apparatus wc 
for measuring the 
magnitudes and 
signs of proton and 
deuteron moments. 
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The energy levels in the Zeeman and Paschen- 
Back regions may be obtained by the usual 
vector-model treatment; but the experiments to 
be described depend greatly on what happens at 
intermediate fields (region B, Fig. 4). The calcu- 
lation of these energies is a straightforward 
quantum-mechanical problem which will not be 
treated here. 


3. Early experiments on nuclear moments 


We shall now review briefly the earlier molec- 
ular and atomic beam experiments on atomic 
nuclei. In principle, most of the resulting in- 
formation is obtainable by observation of hfs in 
atomic spectra; in practice these experiments 
give information which is either more accurate 
than that yielded by spectroscopy or is inac- 
cessible to the latter. For example, the experi- 
ment which we shall discuss most fully was 
carried out on hydrogen atoms in the ground 
state; this state cannot be investigated spectro- 
scopically for hfs because the lines emitted in 
transitions to it lie in the far ultraviolet region 
(Lyman series). No other state of hydrogen has a 
measurable hfs from which to obtain information 
about the fundamentally important magnetic 
moments of the proton and deuteron. 

The basic quantity in these experiments is the 
horizontal force exerted on an atom by the 
deflecting magnet. If E is the energy of the atom 
in the field H, then 


F,= —0E/dy= — (dE /0H)(dH/dy) ; 
thus it is the effective moment of the atom, 


Meft = —dE/dH, (2) 


in which we are at present interested. Figure, 5 
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shows wer: for the various hfs states of hydrogen. 
Diagrams such as Figs. 4 and 5 are most con- 
veniently plotted in terms of the parameter x, 
defined for 2S, states by 


x=2u.H/AW= 2uoH /hcAv. (3) 


Since deflection is proportional to effective 
moment, Fig. 5 exhibits directly the Stern- 
Gerlach deflection pattern to be expected of a 
beam of hydrogen atoms with a given velocity. 
For example, when the value of H is such that 
x~0.35, the four states (which are equally 
populated) have moments yo, 0/3, —po/3, — po. 
respectively ; thus the deflection pattern should 
consist of four equidistant lines of equal inten- 
sity. Once the value of H that yields such a 
pattern has been observed, Av can be computed 
by means of Eq. (3). This example is easily 
generalized. 

A direct deflection experiment based on these 
principles was carried out in 1934.2? Since the 
atoms actually do not all have the same speeds, 
thus spreading the lines of the deflection pattern 
into wide overlapping bands, it is necessary, in 
interpreting the data, to assume the’ exact 
velocity distribution of the atoms. The value of 
the proton moment as calculated from Eqs. (1) 
and (3) was found to be 3.25 nuclear magnetons 
+10 percent. The discrepancy with the better 
value of 2.7896+0.0008 nuclear magnetons 
(known from later experiments) was probably 


‘caused by the assumption of an incorrect average 


velocity of the atoms in the beam. 
The risk involved in assumptions about 
velocities led to the development of another 


2 Rabi, Kellogg and Zacharias, Phys. Rev. 46, 157 
(1934). 
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method which is independent of such assump- 
tions. The apparatus, shown in Fig. 6, has two 
two-wire deflecting magnets of different lengths, 
instead of a single magnet. (The selector slit, 
field wires T and permalloy shield refer only to 
the experiment to be described in Sec. 4.) The 
directions of the currents J4 and Iz are such that 
their fields H4 and Hz are parallel, while 0H,/dy 
and 0Hz/dy are opposite in sign. The axis of 
quantization is the same in fields A and B, and 
an atom with given value of Mr in field A will 
have the same value of Mr in field B. Since the 
gradients are opposite, the deflection caused by 
A can be exactly compensated by that caused by 
B, thus giving a net deflection of zero. The whole 
experiment is based upon this null effect and 
upon the conditions of its occurrence, which we 
shall now discuss. 

The deflection of an atom in either field is 
proportional to the corresponding value of 
ettOH/dy; thus the condition for zero net 
deflection is 


usa0H,/dy=KyupdH g/dy, (4) 


where K is a constant which is calculable from 
the geometry of the apparatus and which may be 
shown to be independent of atomic velocity. 
Since H and 0H/dy are proportional to the 
current IJ, we may write 0H4/dy=Galu, and so 
forth; Eq. (4) then becomes paGal4=KyusGealn. 
For the states Mr=+1, Fig. 5 shows that 
HA=MB= =F yo, so that J4/Ip at zero deflection of 
these states is equal to KGz/Ga. In the light of 
this information, observation of I4/Ig at zero 
deflection of the states Mr=0 makes it possible 
to determine u4/us, which is a known function 
of x4 and xg. But I4/Ip=x4/xp; hence we can 
solve for x4 and xg. H4 and Hz are calculable 
from I, and Jz, respectively, and the geometry 
of the apparatus; a check on this calculation is 
provided by comparison of observed and geo- 
metrically calculated values of KGs/Ga. The 
values of x and H, inserted in Eq. (3), give Av. 

The actual procedure used is to keep Ig con- 
stant and observe the intensity at zero deflection 
as a function of I4. Two peaks in intensity were 
observed for hydrogen, in confirmation of the 
value J=3. The value of the proton moment was 
found to be 2.85+0.15 nuclear magnetons; the 
same experiment, repeated for deuterium, gave 
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0.85+0.03 nuclear magneton and a spin of 1. 
Since Eq. (4) is independent of atomic velocity, 
so are these results. 

Basically, these experiments measure Av by 
measuring the value of H required to produce a 
given degree of decoupling of I and J; that is, 
they compare the coupling of I and J with the 
known coupling of J and H. A more direct 
method, using the direct interaction between I 
and H, was employed by Stern and his col- 
laborators.* The ground state of the hydrogen 
molecule has no electronic angular momentum; 
the only magnetic moments present are those of 
the protons and the considerably smaller mag- 
netic moment due to rotation of the molecule as 
a whole. Thus the deflection of Hz molecules in 
an inhomogeneous field, together with an assump- 
tion about molecular velocities, gives wp. The 
value obtained was 2.46+0.08 nuclear mag- 
netons. 

These hydrogen experiments are of far- 
reaching theoretical importance. If the Dirac 
equation were applicable to the proton, as it is 
to the electron, the proton would have a mag- 
netic moment of 1 nuclear magneton; these 
experiments showed it to have a moment nearly 
three times as large. This fact is basic in any 
theories of the fundamental nature of neutron 
and proton, such as have arisen in connection 
with the theory of 8-decay and of the meson. 
Furthermore, the substantial agreement between 
Av and the directly measured moment yp gave 
the first really direct confirmation of the origin 
of hyperfine structure in nuclear magnetic 
moments. Speculation as to the cause of the 
slight discrepancy in the two results came to an 
end when the direct measurements of the proton 
moment described in Sec. 6 showed that the 
measurements of Stern’s group must have been 
subject to some unknown error. 

A much simpler method of determining Av 
and J is the method of zero moments.‘ This 
combines the advantages of a velocity-inde- 
pendent null method—measurement of intensity 
at zero deflection—with the simplicity of a single 
deflecting magnet. It is based on the circum- 
stance that, for J>%, there are one or more 


( — Simpson and Stern, Phys. Rev. 52, 535 
1937). 
4 Cohen, Phys. Rev. 46, 713 (1934). 
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values of H for which pers = —dE/0H] of some 
of the hfs states passes through zero. For J=1, 
as will be seen from Fig. 4, this occurs only when 
x=4; hence in this case, if the beam intensity at 
zero deflection is observed as a function of H, a 
single peak will be observed when H has the 
value corresponding to x=}. 

In general, the number and relative spacing of 
such peaks determines J; with J known, x is 
fixed for each peak and observation of the cor- 
responding H’s determines Av by Eq. (3). This 
method has been used® to observe the Ay’s of the 
ground states of Na®’, Li®, Li?, K®®, K*!, Cs!83, 
Rb®>, Rb®7, In™5, Ga®® and Ga". In thelatter 
three cases atoms in the metastable state are 
present in the beam, and a nuclear quadrupole 
moment perturbs the relative positions of the 
zero-moment peaks of this metastable state; 
this fact makes possible an accurate measure- 
ment of these quadrupole moments.® 

The method of zero moments provides a more 
direct and unambiguous determination of nuclear 
angular momentums than does spectroscopy, and 
usually a more accurate measurement of hfs. It 
generally has the advantage of a larger number 


of observables than occur in the corresponding 
spectroscopic case. 


4. The sign of the nuclear moment 


The experiments of Sec. 3 measure I and Ap. 
These two quantities, with Eq. (1), give the 
magnitude of the nuclear magnetic moment but 
not its sign.” To see why this is so we may 
investigate the effect of a change of sign of the 
nuclear moment on an hfs pattern. 

Reversal of sign of » reverses the sign of the 
energy of interaction between electrons and 
nuclear moment. When H=0, this means that 
the order of the levels in the hfs pattern is 
reversed. When H>0, the energy of interaction 
between H and the electrons enters the picture 
as the cause of the Zeeman splitting; this energy 
is independent of the sign of the nuclear moment. 
Thus, if the low-field region for J=} in Fig. 4 


2 


5 See Millman and Fox, Phys.’ Rev. 50, 220 (1936) for 
bibliography. 

6’ Hamilton, Phys. Rev. 56, 30 (1939); Renzetti, Phys. 
Rev. 57, 753 (1940). 

7A magnetic moment is positive (or negative) if it and 
the angular momentum are such as to be produced by 
rotation of a positive (or negative) charge. For example, 
the electron has a negative moment. 
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Fic. 7. Magnetic field produced by passing current 
through different pairs of the field wires T in Fig. 6. 
A, field for producing transitions in measuring sign of 
nuclear moment; B, field which produces no transitions. 


were redrawn for negative nuclear moment, 
F=0 would lie above F=1, but F=1, Mr=1 
would still lie above F=1, Mr=0. 

The same analysis, carried through in general 
and extended to all values of H, shows that a 
change in sign of the moment reflects the hfs 
pattern about a horizontal line and changes the 
Mr labels on some of the curves. But because of 
the symmetry of the effective moment diagram 
there is a change only in its labeling, and none 
in its form. This is shown, for the particular case 
of hydrogen, in Fig. 5. Both the zero moment and 
hydrogen experiments have given information 
only about the form of the effective-moment 
diagram; thus we need some additional experi- 
mental feature that will differentiate between 
alternative sets of quantum numbers which label 
the diagram. 

The hydrogen apparatus was designed to 
provide this additional feature, the auxiliary 
device being inserted after measuring the mag- 
nitude of the moments. It is shown in Fig. 6 as 
a selector slit and the field wires JT. These wires 
are perpendicular to the plane of the paper, and 
a small current passed through the proper pair 
gives the magnetic field shown in Fig. 7A. As 
‘“‘seen’”’ by an atom of the beam, this field is 
equivalent to a weak magnetic field that rotates 
through 180° in the time taken for a hydrogen 
atom to travel between the wires. 

Since H, and Hz are parallel, an atom ordi- 


-narily has the same orientation—that is, the 


same magnetic quantum number Mr—in both 
fields; the purpose of the new field T is to cause 
a sudden reorientation—that is, a ‘‘nonadia- 
batic” transition to a state of different Mr—in 
the region between the deflecting magnets A and 
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B. This transition-producing field is too weak to 
cause any change in F. As shown by the exact 
theory of this effect, the essential condition for 
transitions is that the angular speed of the field, 
as “‘seen” by the atom, be equal to the angular 
speed of the atom’s precession in the field. The 
field in Fig. 7B should cause no transitions since 
the field appears to the atom to make no sudden 
changes in direction. 

It will now be recalled that, at one stage in the 
determination of the Av of hydrogen, fields A 
and B were adjusted so that the atoms in the 
two states Mry=0 had no net deflections at the 
detector; at the same time, the two states had 
large and opposite deflections at a point midway 
between magnets A and B, since the moments of 
the two states are opposite in sign. With the 
selector slit one may cut out one of these states, 
say the one of negative moment, so that only 
atoms in the state of positive effective moment are 
allowed to reach the detector. These atoms are 
now subjected to the transition-producing field. 
If they are in the state F=0, Mr =0—that is, if 
the nuclear moment is positive—then no transi- 
tions will occur since there are no other states 
with F=0 to which transitions can be made. But 
if these atoms are in the state F=1, Mrp=0— 
negative nuclear moment—transitions may be 
made to F=1, Mr==+1. The state F=1, Mr=1 
has negative moment so that, if atoms make the 
transition to this state, they will in field B be 
deflected away from the detector instead of being 
focused in to it. Thus, if the moment is negative, 
a decrease in intensity will occur whereas a 
positive moment will give no such result. 

The procedure described in the previous para- 
graph is merely one simple example of the method 
of nonadiabatic transitions. The various possible 
experimental combinations all indicate that the 
proton and deuteron have positive moments. 

The same general method has been used to 
measure the sign of the moments of a number of 
the alkali metals, all of which were found to have 
positive moment.® 


5. Radiofrequency spectroscopy 
The experiments described in Sec. 4 are 
mainly qualitative. For one thing, the necessary 


8 Torrey, Phys. Rev. 51, 501 (1937); Gorham, Phys. 
Rev. 53, 563 (1938) 


HAMILTON 


equality between the angular speed of F about 
H and of H about a fixed direction in space 
cannot be satisfied simultaneously for atoms of 
two different velocities. Furthermore, H must be 
less than 1 gauss, hence stray fields make it 
impossible to know the magnitude and form of 
the transition-producing field. 

These qualitative experiments interest us 
primarily because of their illustrious offspring, 
the new type of precision experiment of much 
broader scope known as radiofrequency spectro- 
scopy. The birth of the latter came with the 
change of the transition-producing field from a 
static magnetic field to one that is itself oscillat- 
ing at a fixed frequency. 

This is a radical improvement. Equality 
between the frequencies of motion of F and of H 
may now be fulfilled exactly for all atoms of the 
beam. Furthermore, since the frequency of 
motion of H is no longer kept small by depend- 
ence on atomic velocity, it is no longer necessary 
to employ a weak field H to keep the frequency 
of motion of F small; and with the magnetic 
field increased in spatial extent and magnitude, 
its form and magnitude are much more accurately 
known. 

The magnet which produces this oscillating 
magnetic field has two parts. One is similar to 
the magnet of Fig. 2 except that the two pole 
faces are plane, parallel and vertical, producing 
a homogeneous static field perpendicular to the 
beam. The second part is a “hairpin,” two wires 
lying in a horizontal plane between the pole 
faces of the ‘‘homogeneous”’ magnet ; these wires 
carry, in opposite directions, an oscillating 
current which produces a weak oscillating mag- 
netic field perpendicular to the homogeneous 
field. The resultant magnetic field thus oscillates 
slightly about the fixed field, which is perpen- 
dicular to the beam. 

Let us now examine the effect of this oscillating 
field upon a simplified system, one that has a 
single angular momentum vector J and a mag- 
netic moment yp parallel to J. If H; (the oscillat- 
ing component) is quite small compared to 1 
(the fixed component), then J precesses about H 
with the Larmor precession frequency, 


v=pH/Jh; (5) 


as usual the orientation of J is specified by one 
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| A magnet | | Cc | | B magnet | 


Fic. 8. Paths of molecules. The solid curves are the paths of two molecules of different velocity and 
moment and whose moments are not changed during passage through the apparatus. The dotted curves 
indicate paths of two molecules, the projection of whose nuclear magnetic moments along the field has 
been changed in the region of magnet C. This is indicated by the variously oriented gyroscopes drawn 


on the dotted and solid curves. 


of the (2J+1) possible values of M,. The oscil- 
lating component Hy; now subjects J to an 
oscillating torque about an axis perpendicular 
to H. 

The effects of the oscillating torque have 
been worked out quantum-mechanically; what 
happens is perhaps best understood in terms of 
an everyday mechanical model. Consider a 
gyroscope or top precessing about a vertical axis 
under the influence of gravity and subjected to 
an oscillatory torque about a horizontal axis, 
such as might be produced by a sinusoidal dis- 
placement of the point of support of the top. 
During part of a cycle this torque will tend to 
make the top ‘‘stand up” (decrease its angle with 
the vertical) and at other instants ‘‘lie down.” 
The net effect, averaged over a few cycles, is in 
general nil. But if, and only if, the precession 
and oscillation frequencies are equal, the effect 
is cumulative and the top may actually stand 
up or lie down. The direction of change depends 
on the phase relation between the oscillating 
torque and the oscillatory motion of precession. 

In the quantum-mechanical language of the 
analogous atomic system, this phenomenon cor- 
responds to an increase or decrease in M y— 
that is, to the occurrence of transitions between 
states of different M,. The condition for oc- 
currence of these transitions is that f, the fre- 
quency of oscillation of Hi, be equal to the 
Larmor frequency »v, given by Eq. (5); this 
condition is suggested by the analogy and is 
borne out by the quantum-mechanical theory. 


A very interesting fact may now be noted. The 
energy of the system is given by E= —pHM ,/J; 
thus Eq. (5) and the condition v=f are exactly 
equivalent to the requirement that f be given by 
the Bohr frequency condition for electromagnetic 
radiation emitted or absorbed in transitions 
between adjacent levels, 


AE=pH/J=hf. (6) 


It is thus apparent that there are two equiv- 
alent ways of looking at the whole problem. One 
is the dynamical approach, in which the exact 
details of precession in a specific magnetic field 
are worked out quantum-mechanically. The 
other approach considers H; as a field of electro- 
magnetic radiation which causes induced emis- 
sion and absorption of energy in transitions 
between energy levels of a system, in accordance 
with the Bohr frequency relations. 

Historically, the dynamical approach came 
first, since the first experiments were carried out 
on systems whose dynamics are described with 
sufficient accuracy by our simple model of a 
system with one angular momentum present. 
But the corresponding treatment of a system in 
which several angular momentums interact with 
one another and with H, and H presents great 


‘mathematical difficulties; on the other hand, the 


calculation of the energy levels of such a system 
is fairly straightforward. Since the two methods 
are equivalent, the simplicity of the second makes 
it preferable for dealing with the question of the 
frequencies at which transitions occur; from this 
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viewpoint, this type of experiment lies in the 
realm of spectroscopy. 

The reason for the name radiofrequency spec- 
troscopy becomes obvious on consideration of the 
order of magnitude of frequencies involved. For 
electronic magnetic moments, v/H~po/h~1.4 
megacycle/gauss; and for nuclei, v/H~mu;/ Mh 
~0.75 kilocycle/gauss. 

The change from static to radiofrequency 
transition-producing field necessitates no essen- 
tial change in the method of detecting transi- 
tions. In the former experiments, deflecting 
fields and selector slit were so arranged that 
atoms of only one particular state reached the 
detector (were ‘“‘focused’’) at a time; a more 
exact control over the transitions, made possible 
with the new method, makes unnecessary any 
separate observations of the transitions from 
each state; hence the apparatus is so arranged 
that, in the absence of transitions, all molecules 
will be focused. 

Figure 8, a very schematic diagram of a typical 
apparatus, shows how this is accomplished. The 


H (gauss) 


Fic. 9. Resonance curve of the Li? nucleus in LiCl. 


solid lines are typical paths of molecules in two 
different states. The slit S is in line with the 
oven O and detector D. With the deflecting field 
on, the molecules that pass through S are those 
that leave O at a slight angle to OS; this angle 
is different for different states and different 
velocities. With the gradients of fields A and B 
in opposite directions, and with the proper 
adjustments made, all molecules that pass 
through S will reach D. The intensity of a per- 
fectly focused beam is equal to the intensity with 
deflecting fields off. 

Once a well-focused beam has been obtained, 
the radiofrequency field is turned on and a 
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search is made for a combination of f and H 
that causes transitions and thus decreases the 
intensity of the detected beam. The values of f 
and H corresponding to these ‘resonance 
minimums” are the data of the experiment. 


6. The radiofrequency spectroscopy of molecules 


The first experiments in radiofrequency spec- 
troscopy® (or the molecular beam magnetic reso- 
nance method, as it is also called) were carried 
out on molecules—specifically, on molecules that 
contain an alkali atom for detection purposes 
and have zero electronic moment so as to make 
the molecule’s moment sensitive to reorienta- 
tions of the nuclear moment. 

With zero electronic moment, the only mo- 
ments present are those of the nuclei and that 
due to the rotation of the molecule as a whole. 
The interactions between these moments are 
weak; in the magnetic field used in these experi- 
ments (a few thousand gauss) each angular 
momentum precesses practically independently 
about the external field. This decoupling allows 
us to apply our simple model of Sec. 5, according 
to which resonances will occur at the Larmor 
frequencies of the various nuclei in the molecule. 
Considerations similar to those of the next 
section show that the weak interactions which 
we are neglecting cause a general broadening of 
a resonance minimum but not a shift of its 
center. 

Figure 9 shows a typical resonance minimum 
obtained with a beam of LiCl molecules. A priori, 
this might be a resonance due either to the Li or 
Cl nucleus. The fact that a resonance is found 
at this same value of f/H when LiF is used, 
together with the depth of the minimum, shows 
that the resonance arises from the Li’ nucleus. 

As a check on the theory of the experiment 
and on the calibration of the apparatus, measure- 
ments for every nucleus are made over a wide 
range of frequencies; the results show excellent 
consistency. It will be seen from Eq. (5) that the 
value of f/H for any given nucleus does not 
yield y», but only the nuclear g-factor; the latter 
is defined as the ratio of the nuclear moment to 
the nuclear angular momentum, with the moment 
measured in nuclear magnetons and the angular 


® Rabi, Millman, Kusch, and Zacharias, Phys. Rev. 55, 
526 (1939). 
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momentum in units of h/2r. From Eq. (6), 
g=1.312X10-*f/H; once I is known, pu may be 
calculated from g. 

The shape of the resonance minimums is sig- 
nificant. The minimum in Fig. 9 is not exactly 
symmetrical; this is an end effect in the ‘“‘hair- 
pin.” The sign of the asymmetry depends on the 
sign of the nuclear moment and may be used to 
determine the latter.” 

The weakest link in measuring nuclear g-factors 
is the flip-coil-and-mutual-inductance calibration 
of magnet C (Fig. 8); in these experiments H is 
not known to much better than 0.5 percent 
whereas f is known to 0.005 percent. However, 
we shall show in Sec. 8 that the radiofrequency 
spectra of atoms provide a much more accurate 
calibration of a magnetic field directly in terms 
of frequency. This method of calibration has 
recently been used to improve all the g’s measured 
by the method we have just described. The 
g-values so far observed are listed in Table I." 


7. The proton and deuteron moments 


The divergence in the values of the funda- 
mentally important proton moment which were 


TABLE I. The values of nuclear g-factors observed by the 
molecular beam magnetic resonance method, the values of 
nuclear angular momentum, and the resulting values of nuclear 
magnetic moments. The diamagnetic correction given in the last 
column should be added to the moments. 








DIAMAG- 
NETIC 
CorRREC- 

TION (% 


ANGULAR 
OBSERVED MOMENTUM MOMENT 
g-FACTOR I w 


5.5791 +0.0016 1/2 2.7896 
0.8565 +0.0004 1 0.8565 
0.8213+0.0005 1 0.8213 
2.1688 +0.0010 3/2 32932 
0.784 +0.003 3/2 — 1.176 
0.598 +0.003 1 0.598 
1.791 +0.005 3/2 2.686 
1.402 +0.004 1/2 0.701 
7Ni4 0.403 +0.002 1 

1a bog 0.560 +0.006 1/2 
F19 5.250 +0.005 1/2 
Nas 1.4765+0.0015 3/2 
i3Al?? 1.452 +0.004 5/2 
17C 5 0.547 +0.002 5/2 
i7Cl? 0.454 +0.002 5/2 
19 K39 0.260 +0.001 3/2 
ight 0.143 +0.001 3/2 
a7 Rb* 0.536 +0.003 5/2 
37 RDS? 1.822 +0.006 3/2 
ssCsi3 0.731 +0.002 7/2 
ssBalss 0.558 +0.002 3/2 
ssBals? 0.624 +0.002 3/2 


NUCLEUS 


iH} 

iH? 

3Li® 
3Li? 
sBe® 
;B10 
5sBu 
«CB 


0.403 
0.280 
2.625 
2.215 
3.630 
1.368 
1.136 
0.391 
0.215 
1.340 
2.733 
2.558 
0.837 
0.936 
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10 Millman, Phys. Rev. 55, 628 (1939). 
Millman and Kusch, Phys. Rev. 60, 91 (1941). 
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Fic. 10. Resonance curve arising from reorientation of the 
resultant nuclear angular momentum in He. 


obtained from two different types of experiment 
(Sec. 3) made it important to apply radio- 
frequency spectroscopy to this question as soon 
as possible. The apparatus used was similar to 
that already discussed (Sec. 5 and Fig. 8), except 
for the use of a source temperature of 78°K 
instead of the 800°K and more which was 
necessary for the experiments of Sec. 6. The 
resulting increase in scope makes these experi- 
ments the best example of the power of the new 
method; we shall therefore discuss them in con- 
siderable detail. 

As was expected, resonances were found with 
beams of He, HD and Dz molecules; but these 
resonances, instead of having the simple form 
of Fig. 9, showed a very pronounced fine 
structure. The resonance curves associated with 
reorientation of the proton and deuteron in the 
three molecules are shown in Figs. 10 to 13. We 
shall refer to a single minimum in these figures 
as a resonance minimum, and to each fine 
structure pattern of closely grouped resonance 
minimums as a resonance curve. Similar resonance 
curves, arising from reorientation of the mole- 
cule’s rotational angular momentum, are ob- 
served for each molecule but are not shown here. 

From the positions of the resonance curves as 
a whole, one may deduce approximate values of 
the moments involved; but the fine structure 
indicates that these molecules are not described, 
with accuracy sufficient for this apparatus, by a 
simple model which neglects the interaction of 
the various angular momentums. To jump ahead 
of our story a little, fine structure is observable 
because the small moments of inertia and low 
source temperature allow only several of the 
lowest rotational states of the molecule to be 


12 Kellogg, Rabi, Ramsey, and Zacharias, Phys. Rev. 56, 
728 (1939). 
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Fic. 11. Resonance curve arising from reorientation 
of the proton in HD. 


excited. If many rotational states were excited, 
the different fine structures due to each would 
smear each other out, leaving a single smooth 
curve centered at a value of f/H corresponding 
to the nuclear moment. (This is what happened 
in the experiments of Sec. 6.) To ferret out the 
information contained in the details of the fine 
structure we therefore need a comprehensive 
picture of the relevant energy levels of the 
molecule, those which arise from a given rota- 
tional state and which differ only in the relative 
orientations of the nuclear and rotational angular 
momentums. Transitions involving changes in 
the rotational quantum number J correspond to 
changes in the energy of the molecule that are 
too large to be observed. (We use J in this sense 
in this section only.) 

Before proceeding with the theory of these 
energy levels we pause to note that the data to 
be obtained from Figs. 10 to 13 are not in 
orthodox spectroscopic form. That is, this experi- 
ment did not measure the various absorption 
and stimulated emission frequencies of the 
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molecule at a fixed value of the field; instead, 
it measured the different magnetic fields for 
which each of these frequencies becomes equal 
to a certain fixed frequency. This adds no real 
complications. 

Let us now review some of the general features 
of the molecular states in which we are interested. 
First of all, in dealing with homonuclear mole- 
cules such as Hz and Dz we encounter two 
definite relations that restrict the rotational 
angular momentum of the molecule and the 
relative orientation of the two nuclear angular 
momentums. These relations, familiar from the 
theory of the specific heats of such molecules, may 
be described as follows. (1) The nuclear angular 
momentums act as a single angular momentum 
vector. Although the allowed values of this vector 
are given by the usual rules for addition of angular 
momentums, this is not an ordinary vector coup- 
ling arising from an interaction between the two 
nuclei and so cannot be broken down by applying 
an external field. This resultant nuclear angular 
momentum (which we shall in this section denote 
by I) may have the values 0, 1 in He and 0, 1, 2 
in Dg. (2) If J is even, I must be even; if J is odd, 
I must be odd. 

It is an empirical fact that only the quantum- 
mechanical states which obey these restrictions 
exist in nature, just as it is an empirical fact that, 
of all possible atomic states, only those which 
satisfy the Pauli exclusion principle are known to 
exist. Both the Pauli exclusion principle and the 
rules which we have just stated are consequences 
of the particular type of statistical mechanics— 
or “‘statistics’—that is applicable to all ele- 
mentary particles. 

On the other hand, these restrictions no longer 
hold if the two nuclei are different, as in HD. 
Each nucleus now behaves as an individual; 
there is no hard and fast resultant nuclear 


TABLE II. Relative abundance of different rotational 
states at 78°K. 


He HD 


STAT. REL. REL. Stat. REL. 
WT. ABUND. I Wr. ABUND.| Wt. ABUND. 


1 0.248 0.559 0.628 
9 745 .328 369 
5 .003 105 .003 
1 .004 .000 
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angular momentum quantum number and no 
relation between nuclear orientation and the 
allowed value of J. 

Table II gives the abundances of the relevant 
allowed states at the source temperature of 78°K 
(liquid nitrogen temperature). In a magnetic 
field each of these states splits up into 
(2I+1)(2J+1) levels for Hz, or De or 6(2J+1) 
for HD. These numbers are the statistical 
weights given in Table II. The magnetic fields 
used are strong enough to decouple I and J, so 
that these levels are best labeled with values of 
M, and Mj, the magnetic quantum numbers of 
the resultant nuclear and the rotational angular 
momentum, respectively. 

Consider first the molecules with J=0. The 
Hz molecules make no transitions since there is 
only one state (I=0). Some of the D2 molecules 
are likewise in this inert state, J=0, but most of 
them are in the state J=2 for which p=2yp. 
Here we have an example of a system with only 
one angular momentum vector, like the sim- 
plified model discussed in Sec. 6. This system 
has five energy levels spaced AE=2ypH/2=yppH 
apart, and hence gives rise to a single resonance 
minimum at the Larmor frequency of the 
deuteron, v=yupH/h. Consideration of the rela- 
tive abundances in Table II shows that this 
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Fic. 12. Resonance curve arising from the reorientation of 
the deuteron in HD. 


resonance minimum must correspond to the deep 
central minimum in Fig. 13 and that the smaller 
minimums probably arise from J=1. 

Although the state J=0 of HD has no fixed 
resultant nuclear angular momentum, the situ- 
ation is almost as simple as in the cases of He 
and Dg. In a diatomic molecule, the internuclear 
axis is perpendicular to J; but, when J=0, this 
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Fic. 13. Resonance curve arising from the reorientation of 
the resultant nuclear angular momentum in Dz. 
axis may have any orientation with respect to 
H or the nuclear angular momentums. But the 
energy of interaction of two magnetic dipoles— 
the nuclei—averaged over all directions of the 
line joining them, is zero; hence the two nuclei 
may rigorously be considered to precess inde- 
pendently about H. If Mp and Mp are the 
respective magnetic quantum numbers, the 
energy levels are given by E=—2yupMpH 
—ppMpH, and single resonances will be observed 
at the Larmor frequencies of the proton and 
deuteron. These resonances correspond to the 

deep central minimums in Figs. 11 and 12. 

Thus the resonances observed for J=0 suffice 
in themselves to determine yup and up. The values 
obtained are pp=2.785+0.02 and yp=0.855 
+0.006 nuclear magneton. The uncertainties 
arise principally from the calibration of magnet 
C. The ratio up/up, measured in such a way as to 
make it independent of this calibration, was 
found to be 3.2570+0.001. 

For J=1, the situation is more complicated. 
The internuclear axis is now limited in its orien- 
tation with respect to the external field so that 
the energy of one nucleus in this external field 
depends upon the orientations of the other 
nucleus and of J. Thus in Hz (J=1 and J=1) we 
will expect nine energy levels, corresponding to 
three possible orientations for I and three for J. 


. In strong fields the energies will be almost but 


not quite given by E=—2yupM;H--yurMsH. We 
say ‘‘not quite,”’ since this equation neglects the 
interactions of the nuclei with each other and 


with the magnetic field set up by the molecular 
rotation. 
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TABLE III. Magnetic fields at which resonances will occur for a fixed oscillator frequency fo=2upHo/h. 





My AM] 


| 





—1—0 
0—1 
—1—0 
0—1 


The selection rules, AM;=0, AM;=-+1 and 
AM,=+1, AM,;=0, govern transitions between 
these energy levels; each of these two pairs of 
selection rules corresponds to six transitions. 
The group for which AM;=-+1 corresponds to 
the six resonance minimums shown in Fig. 10; 
a similar resonance curve arises from the transi- 
tions AM ,;=-+1 but is not shown here. 

One may hope to understand the details of 
Fig. 10 when the various intramolecular inter- 
actions are taken into account. As a tentative 
energy expression which includes all the obvious 
interactions, we take 


E=—2yppl-H—purJ-H—2ypH'l-J 
+(up?/r*) a fir: i2—3(ii-r) (ier) /r?}. (7) 


The first and second terms represent the inter- 
actions between nuclear and rotational moments 
and external field. The third term gives the 
energy of the nuclei in the magnetic field H’ 
produced at the position of the nuclei by the 
rotation of the molecule. (This field is parallel 
to J.) The last term represents the interaction 
of the magnetic moments of two protons, which 
have angular momentums i; and is and are 
separated by the internuclear distance r. 

From Eq. (7) one may calculate quantum- 
mechanically the exact energies of the molecular 
states in the magnetic field; the energy differ- 
ences and the use of some simple algebra then 
give the magnetic field at which the frequency 
for each transition will equal any particular fixed 
frequency fo. The results are given in Table III, 
where , 


Hy=hfo/2urp, H" =(ur/r*)w, a=ur/2ur. (8) 


Thus H” is the field produced at the position of 
one proton by the other proton, when i; and iy 
are parallel to r. 

From Table III it is evident that the resonance 
curve should be symmetrical except for the 


Hot+(3H"/5— H’) 
Ho—(3H"/5+ 4H’) 
Ho— 6H"'/5 
Ho+ 6H"'/5 
Ho+(3H"/5+ H’) 
Ho—(3H"/5— H’) 


MAGNETIC FIELDS 


— (3H" /5—H’)?/H(1—a) 
— 6H" /5(3H"/5+2H’)/H(i—a) 
— (3H"/5 — H’)*/H(1—a) 
—(3H"/5—H’)*/H(1—a) 
— 6H" /5(3H"/5+2H’')/H(i—a) 
— (3H"/5— H’)?/H(1—a) 


influence of terms that involve H’”/H, H’?/H 
and H’H"’/H; and, when these terms are neg- 
lected, the positions of the six minimums are 
determined by the parameters H’ and H”. 
Furthermore, the center of symmetry should be 
the field Ho given by Eq. (8). 

Thus one would expect the slightly asym- 
metrical pattern in Fig. 10 to become sym- 
metrical for larger values of H. This is found to 
be so; and the observed dependence of this 
asymmetry on H is sufficient to determine which 
transition gives rise to a particular minimum in 
Fig. 10. And now the crucial test of Eq. (7) 
consists of its ability to fit the positions of the 
six minimums with consistent values of only two 
parameters, H’ and H”. It is found that the 
resonance curves are perfectly accounted for by 
the values 


H’=27.2+0.3 gauss, H’’ =34.1+0.3 gauss. 


Furthermore, the value of up calculated from the 
position of the center of the pattern agrees with 
that previously obtained from the states J=0. 

We now recall that H’”’ =(up/r*)y. But (1/r*), 
is known from band-spectroscopic data to be 
2.438 x 10-74 cm*; hence, from the value of H” 
we may calculate wp, and we find it to be 
2.785 0.03 nuclear magnetons. This determina- 
tion of up from the interaction of the protons 
with each other is independent of the f/H 
determination based on the interaction of a 
proton and an external field; and, as a matter 
of fact, an error in calibration of the magnetic 
field would affect the two values in opposite 
directions. These two independent determina- 
tions of up are in almost too perfect agreement. 

The complete consistency of all these results 
gives the strongest support to the validity and 
sufficiency of Eq. (7). 

Next consider the state of De with rotational 
quantum number J=1; here, just as in H2, 
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J=1. Thus the discussion of the energy levels 
of He for J=1 should hold without change for De. 
The expected values of H’ and H” are readily 
calculable from those already obtained for He. 
A little consideration of angular velocities shows 
that H’ should be half as large as in He; similarly, 
H'' =(up/r*)y, | is already known. Thus the ex- 
pected values are H’=13.6 gauss and H’” =10.5 
gauss. This corresponds to a pattern of six lines 
with a total width of about 40 gauss. 

This is not at all what is observed ; the pattern 
in Fig. 13 has six lines but a total width of about 
230 gauss. This great discrepancy is all the more 
astonishing in view of the complete adequacy 
of Eq. (7) for He. 

The logical place to look for some more light 
on this situation is in the resonance curves of 
HD, Figs. 11 and 12. The curve that results 
when the proton is reoriented and the deuteron 
remains undisturbed is shown in Fig. 11; the 
pattern is about 50 gauss wide and exactly 
what would be expected from the results with He 
and the interactions of Eq. (7). But the reorienta- 
tion of the deuteron in HD gives a resonance 
curve (Fig. 12) about 265 gauss wide, which is 
just as unorthodox as the 230-gauss resonance 
curve of the deuteron in De». 

This indicates pretty definitely that there is 
some unforeseen interaction between the deu- 
teron and the rest of the molecule which is not 
taken into account in Eq. (7). To make a long 
story® short, a satisfactory solution to this 
quandary has been found in the hypothesis that, 
pictorially speaking, the charge distribution of 
the deuteron is slightly elongated in the direction 
of the deuteron’s angular momentum axis. At the 
deuteron the electric field set up by the rest of 
the molecule—nucleus and electrons—is quite 
nonuniform ; and the electrostatic energy of an 
asymmetrical deuteron in this field would depend 
on the deuteron’s orientation with respect to 
the field, thus providing the missing interaction. 

Such asymmetry of charge density is known to 
exist in many heavier nuclei, where it affects the 


spacing of atomic hfs levels. The asymmetry is . 


measured by Q, the electric quadrupole moment, 
which is defined by the equation 


eQ=eS p(32°—1*)dr, (9) 


8 Kellogg, Rabi, Ramsey, and Zacharias, Phys. Rev. 
57, 677 (1940). 
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where ef pdr=Ze, and the integration is carried 
out for the state M;=I. 

Thus we add to Eq. (7) the proper term 
involving Q and see if the modified equation is 
now capable of describing the data. We shall 
not give the details of the analysis, since it is 
similar to that already gone through for He. 
Suffice it to say that, in addition to H’ and H”, 
there is now available a third parameter H’”, 
defined by H’”’ = —5e’gQ/4up. Here q is defined 
by an equation similar to Eq. (9) but involving 
an average over all the charges in the molecule 
except the deuteron; g is a measure of the non- 
uniformity of the electric field. 

The modified energy level equation fits the 
individual resonance curves perfectly, and the 
values of H’” calculated from different reso- 
nances are in excellent agreement. The reorienta- 
tion of D in De gives H’” =87.5+1 gauss; of D 
in HD, H’’=(87.5+1) gauss. The average of 
these values and of those obtained from the 
reorientation of J in HD and D; is H’”’ = (87.2 
+0.5) gauss. On calculating g from the wave 
functions of the hydrogen molecule, we find the 
final value for the electric quadrupole moment 
of the deuteron to be 


Q=(2.73-+0.05) X 10-27 cm’. 


Pictorially, this is the quadrupole moment of a 
prolate spheroid deuteron ; the major axis, about 
which the deuteron “spins,” is ~15 percent 
longer than the minor axis. 


We have mentioned resonance curves arising from 
reorientations of J. To complete the picture of the informa- 
tion obtained in this series of experiments we state some 
additional results obtained from these resonance curves." 
The respective rotational magnetic moments of Hz, HD 
and Dez when J=1 are found to be 0.8787+0.0070, 
0.6601-+0.0050 and 0.4406+0.0030 nuclear magneton; 
these are in the ratio 4:3:2. The state J=2 of He is 
found to have a moment exactly twice that of the state 
J=1. Furthermore, the data yield a value for the diamag- 
netic susceptibility and its variation with the orientation 
of the molecule. All of this information is either brand 
new or has been obtained for the first time in an exact form. 


In looking over the varied results of these 
experiments on the hydrogens, one is astonished 
by the range of information obtained from what 
started out as a simple measurement of the 
proton and deuteron moments. The discovery of 


14 Ramsey, Phys. Rev. 58, 226 (1940). 
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Fic. 14. Low-field hfs 
magnetic levels for 2S; 
state with J=3/2, and 
allowed transitions be- 
tween these levels. The 
lower part of the figure 
indicates the Zeeman 
pattern resulting from 
these transitions. 


< > 


h(i+1/2) 


the deuteron’s quadrupole moment is the most 
exciting of these results; but the molecular data 
are very valuable to the student of molecular 
structure. 

The values of the deuteron’s magnetic moment 
and electric quadrupole moment affect very 
fundamentally the theories of the forces between 
nuclear particles, since the deuteron is the 
simplest compound nucleus and the most sus- 
ceptible to exact theoretical treatment. When 
these experiments were begun, the neutron- 
proton forces were thought to be central forces, 
and as a result, the deuteron was considered to 
be in a 4S, state, which has zero orbital angular 
momentum and cannot have any charge asym- 
metry. The existence of the quadrupole moment 
indicates the existence of noncentral proton- 
neutron forces and supports the meson theory of 
nuclear forces. 

Closely associated with the quadrupole mo- 
ment is the relation of the deuteron magnetic 
moment to the moments of the proton and the 
neutron. The neutron moment is (— 1.935+0.02) 
nuclear magnetons, as measured by a radio- 
frequency technic;!® hence, within the experi- 
mental error, the deuteron moment is the sum 
of the proton and neutron moments. Slight non- 
additivity is expected because of the presence of 
orbital angular momentum as indicated by the 
quadrupole moment; but the moment of the 


18 Alvarez and Bloch, Phys. Rev. 57, 111 (1940). 
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neutron is not yet known with accuracy sufficient 
to check this prediction. 


8. The radiofrequency spectroscopy of atoms!‘ 


It was only natural that these truly spectro- 
scopic experiments on the hydrogens should be 
followed by a return to the field of atomic hfs 
with which the earlier atomic beam experiments 
had been concerned. As we shall see, hfs is still 
a very fruitful field for research although it is 
no longer the primary source of information 
about nuclear moments. 

The energy differences involved in hfs are 
capable of direct observation by radiofrequency 
spectroscopy. Most hfs splittings of ground states 
lie between 0.005 and 0.4 cm; the range of 
wave-lengths of electromagnetic radiation associ- 
ated with transitions between such energy levels 
is 200 to 2.5 cm; the frequency range is 150 to 
12,000 megacycle/sec, the upper end of the 
technical ultra-high frequency radio range. 

In ordinary spectroscopy, hfs is a second-order 
effect; here it is a first-order effect involving 
absorption and stimulated emission of quanta in 
transitions directly between the hfs levels them- 
selves. (These transitions presumably also occur 
spontaneously in nature; but they occur so 
slowly that direct observation would be extremely 
difficult, to say the least.) This makes it possible 
to measure the position of hfs levels to better 
than 10-* cm, as compared with 10-* cm by 
previous means; a striking example of this high 
resolving power is provided by the accurate 
observation of the Zeeman splitting of an atomic 
energy level in a magnetic field of 0.05 gauss. 

The change from beams of molecules to beams 
of atoms does not involve any essential change in 
apparatus. Weaker magnetic fields are used 
because the over-all moments of most atoms are 
of the order of Bohr magnetons rather than 
nuclear magnetons; a magnet that will deflect a 
molecule only slightly will sweep atoms com- 
pletely out of the beam. And, in the experiments 
to be described, it was found possible to take 
readings of beam intensity when the field is 
constant and the frequency is variable; this 
makes the data spectroscopically orthodox and 
somewhat easier to interpret. 


16 Kusch, Millman and Rabi, Phys. Rev. 57, 765 (1940); 
Millman and Kusch, Phys. Rev. 58, 438 (1940). 
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The goal of these experiments is the measure- 
ment of Av and J. The most obvious way to do 
this is to observe the transitions AF=-++1 in the 
Zeeman region. The selection rule is AMr=+1,0 
and the frequencies exhibit the Zeeman effect of 
the lines which would be present if the transitions 
took place in zero field. The center’ of symmetry 
of this Zeeman pattern gives directly the energy 
difference of the two levels in zero field. When 
J=}3 (which is the case in all the experiments 
discussed here), there are only two zero field 
levels (Fig. 4) and their separation is Av. It is also 
obvious that such a Zeeman pattern reveals the 
values of F in the initial and final levels, and 
hence the value of J. 

Let us consider as an illustrative example the 
hfs of the 2S, ground state of K*, for which 
F=1,2 since J=3/2. The levels into which the 
states F=1,2 split in a weak magnetic field, the 
allowed transitions between these levels and the 
resulting Zeeman pattern are indicated schemati- 
cally in Fig. 14. The transitions AMr=+1 
(solid lines, x-components) arise from the com- 
ponent of the oscillating field perpendicular to 
the constant field, while the o-lines arise from the 
parallel component. 

Figure 15 shows a typical experimentally ob- 
served pattern for this case. This well-resolved 
pattern is the Zeeman effect of the line AF=+1 
for K**, in the very weak magnetic field of 0.25 
gauss. A comparison with Fig. 14 identifies the 
four deepest minimums as z-components; only 
two o-components appear, and these are less 
intense than the z-components. The missing 
o-component corresponds to the transition F=2, 
Mp=—1<> F=1, Mr=—1; for the field of the 
deflecting magnets used in this particular in- 
stance (~80 gauss) the moments of initial and 
final states are closely the same, so that this 
transition is not detected even though it does 
occur. The o-components are of course the 
weaker since the oscillating field is practically 
perpendicular to the fixed field; as the oscillating 
field is decreased in strength, the o-components 
may be made to disappear entirely. 

From a number of curves similar to Fig. 15, 
Av for the ground state of K*® is found to be 
(461.75+0.02) megacycle/sec, expressed directly 
in frequency units, or 0.015403 cm. This result 
is independent of the magnetic field in which the 
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transitions occur, since a sufficiently weak field 
affects only the spacing of the pattern and not 
its center of symmetry. 

However, many Av’s are larger than are the 
convenient operating frequencies; the maximum 
frequency of the oscillator used in these experi- 
ments was 700 megacycle/sec, whereas, for Cs!*8, 
Av~9300 megacycle/sec. To measure large Av’s 
one must have recourse to observation of inter- 
mediate and Paschen-Back spectra, where some 
of the frequencies are much lower than Av. 
Quantum mechanics gives the positions of the 
energy levels as a function of H, in terms of J, 
Av and the nuclear moment yz. Conversely, the 
quantum mechanics of the energy levels allows 
one to calculate Av, J and yw from the observed 
spectra. 

The moment uy is here a directly observable 
quantity because of a fine structure in the 
strong-field spectra which arises from the direct 
interaction of uw and H; this interaction is 
negligible when the field is weak. As to the 
frequencies in the strong-field spectra, those 
for the Paschen-Back transitions (AM ,=0, 
AMi=+1) approach Av/(2J+1) as H increases. 
If a still greater reduction in the working fre- 
quency is desired, one may resort to the transi- 
tions AF=0, AMr=-+1 in the intermediate 
region; these frequencies approach zero as H 
approaches zero. 

The calculation of Av, » and J from an inter- 
mediate or Paschen-Back spectrum involves the 
assumption that the quantum-mechanical ex- 
pression for the energy levels is accurate; this 
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accuracy may be tested experimentally by com- 
paring a known uw and a Ap observed in a Zeeman 
spectrum with the Av and u calculated from the 
Paschen-Back and intermediate spectra of the 
same atom. This comparison has been made with 
the spectra of K*® and Li’; the perfect agreement 
which is obtained indicates that the quantum- 
mechanical calculation is as accurate as the 
experimental results. 

The numerical results of all these experiments 
on the hfs of various atoms are summarized in 
Table IV. 

We have already indicated that the calculation 
of Av from the Zeeman spectrum is independent 
of any knowledge of the magnetic field. Without 
going into details, we may say that the same is 
true of the Paschen-Back spectrum and prac- 
tically’ true of the intermediate spectrum. At the 
same time, the frequencies of some individual 
lines in these spectra are sharply dependent on H. 
Hence, if Av is known from the spectrum as a 
whole, H is known with nearly equal accuracy 
from some single line. This means of calibrating 
a magnetic field has been used to increase the 
accuracy of the experiments of Sec. 6 and is the 
crucial factor in the high precision of the results 
given in Table I. 

To return to hfs, the values of Av obtained for 
Li® and Li’ are of particular interest. From Eq. 
(1) and the experimental data we have 


wz (I/2I+1)7(Av); 
ania —_—— = 3.9610+0.0004. (10) 
ue (1/2I+1)6(Av)¢6 


Values of yw; or wes calculated from the Av’s are 
unreliable since Eq. (1), even in a more accurate 
form, involves inexact electron wave functions; 
but the accuracy of the foregoing ratio should 
be limited only by the accuracy of the Av’s, 
since the wave functions are the same for both 
isotopes. This assumes that the hfs of any 2S, 
state is due solely to the magnetic interaction of 
a nuclear magnetic dipole moment and the 
electrons. Conceivably there might be some other 
factor contributing slightly to hfs, such as a 
spin-dependent nonelectromagnetic force. One 
would expect such a coupling to affect the hfs 
of Li® and Li’ quite differently, since those two 
nuclei have quite different structures; and, as a 
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consequence, the value of uz/us given by Eq. (9) 
would be in error. 

The true value of u;/us is known from the 
molecular experiments described in Sec. 6. This 
true value (measured with the field constant and 
the frequency variable, to make the ratio of the 
moments independent of magnetic field calibra- 
tion) is 3.9610+0.0015, in perfect agreement 
with the value from hfs. Thus, within the accu- 
racy of these experiments, there is no leeway for 
additional interactions unless they are very 
similar in form to the magnetic interaction. 

The great precision of the radiofrequency 
measurement of hfs also opens up the possibility 
of measuring the quadrupole moments of light 
nuclei by observing the deviations from the 
interval rule caused by these moments; such 
deviations, if they exist, are so small for light 
atoms as to have escaped detection by the usual 
spectroscopic means. 


DIsCUSSION 


The importance of precision measurements of 
nuclear moments is not something to be taken 
only on faith, in the hope of making spectacular 
discoveries such as that of the deuteron quadru- 
pole moment. These measurements answer a 
crying need in the present state of nuclear 
physics. We have already spoken of the bearing 
of the hydrogen experiments on the choice of 
nuclear forces (Sec. 7); the magnetic moments 
of other light nuclei provide a very sensitive 
criterion of nuclear models. Nuclear forces and 
nuclear models are two of the most prominent 
questions in nuclear theory. 

It should be emphasized that a new source of 
information about molecular structure has been 
developed. Aside from the hydrogen experiments, 


TABLE IV. Hyperfine structure Av’s of ground states of atoms, 
as measured by radiofrequency spectroscopy. 


Av Av 
(megacycle/sec) (cm~}) 


228.22+0.01 0.007613 
803.54+0.04 -026805 
1771.75+0.07 -059103 
461.75+0.02 015403 
1285.65+0.1 042887 
254.02 +0.02 008474 
3035.7 +0.2 10127 
6834.1 +1.0 22797 
9191.4 +0.9 30661 
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EVOLUTION OF CERTAIN ELECTRIC CONCEPTS 


there are some unpublished—and not entirely 
explained—molecular effects occurring in the 
measurement of nuclear moments in other mole- 
cules. It seems fair to say that further molecular 
developments will go hand in hand with in- 
creasing precision in the nuclear measurements. 
Most molecular effects will probably turn up as 
by-products of the nuclear studies, since, in 
general, only the states involved in nuclear re- 
orientations are spaced closely enough to fall 
within the range of radiofrequency spectroscopy. 

Turning to an entirely different aspect of these 
experiments, it is interesting to note that they 
have extended the range of application of the 
quantum theory into the hitherto purely classical 
region of radiofrequency electromagnetic radia- 
tion; and, whereas the frequency associated with 
a quantum of radiant energy has always hitherto 
been measured in terms of a length A and a 
velocity c, or in some more complicated manner, 
the frequencies of these radiofrequency quanta 
are measured directly in terms of a time, 1/f. 
This is the period of a quartz crystal oscillator, 
which in turn may be referred directly to 
astronomical time. 


As to the future of radiofrequency spectro- 
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scopy, only a beginning has been made on the 
magnetic moments, electric quadrupole moments 
and angular momentums of stable nuclei. The 
principal problem to be surmounted here is the 
development of technics for the detection of 
beams of the relevant molecules and atoms. 
More exciting is the imminent prospect of 
measuring angular momentums and magnetic 
moments of radioactive nuclei, and correlating 
these data with information on the B- and y-ray 
spectra of these nuclei. An auspicious beginning 
has been made by Zacharias in his ingenious 
measurement!’ of the angular momentum and 
moment of K“, an experiment which we have 
not described. This isotope makes up about 
0.01 percent of natural potassium and is B-active 
with a period of about 10° yrs. The theory of 
6-decay interprets this long lifetime as due to a 
large change in J in the decay process; a value 
AIS 3 was found by calculation to be necessary. 
The experiment showed that, for K*®, J=4; K* 
decays to Ca, which has a probable nuclear 
angular momentum of zero so that the predic- 


tions of 6-theory in this respect are verified. 


17 Zacharias, Phys. Rev. 60, 158 (1941). 


The Origins and Developments of the Concepts of Inductance, 
Skin Effect and Proximity Effect 


THOMAS JAMES HIGGINS 
Tulane University, New Orleans, Louisiana 


OERSTED AND AMPERE 


HE systematic investigation of electro- 

magnetic phenomena began in the winter 
of 1819-1820, when Oersted! discovered that a 
compass needle placed in the vicinity of a circuit 
traversed by a current is deflected in the same 
manner as when placed in the field of a per- 
manent magnet. Some months later, in a paper 
presented before the Académie des Sciences, 
Ampére? described the series of experiments 


1 J. C. Oersted, ‘Experiments on the effect of a current 
of electricity on the magnetic needle.’’ Annals Phil. [1] 
16, 273-276 (1820). 

2M. A. Ampére, ‘‘Memoire sur |’action mutuelle entre 
deux courans électriques, entre un courant électrique et un 
aimant ou le globe terrestre, et entre deux aimants,” 
Ann. de Chem. et Physique 15, 59-76, 170-218 (1820). 


wherein he investigated and from which he 
formulated the laws governing the mutual 
mechanical forces exerted between current- 
carrying conductors. Shortly thereafter, Biot and 
Savart? found that, in an electromagnetic field 
produced by current in a straight, infinitely long 
filament, the magnetic field intensity at any 


3 J. Biot and F. Savart, ‘‘Note sur le magnetism de la 
pile de Volta,” Ann. de Chem. et Physique 15, 222-223 
(1820): “*. . . Conduits au résultat suivant qui exprime 


‘ rigoureusement l’action éprouvee par une molécule de 


magnétisme austral ou boréal placée 4 une distance quel- 
conque d’un fil cylindrique trés-fin et indéfini, rendu 
magnétique par le courant voltaique. Par le point ou 
réside cette molécule, menez une perpendiculaire a l’axe 
de fil: la force qui sollicite la molécule est perpendiculaire 
a cette ligne et l’axe de fil. Son intensité est réciproque a 
la simple distance.” 
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point a radial distance r from the conductor is, 
in magnitude, proportional to the reciprocal of 
this distance r, and is, in direction, perpendicular 
to the radius vector drawn from the filament to 
the field-point in question. From this observation 
the so-called Biot-Savart law can be obtained 
with but little difficulty. During the next five 
years Ampére continued his experiments in elec- 
trodynamics. In 1825 he advanced the result 
of these years of labor: an inclusive mathe- 
matical theory of electrodynamics, based on his 
own experiments.‘ A half-decade later Faraday 
discovered electromagnetic induction. 


MICHAEL FARADAY 


In the spring of 1813 Faraday was appointed 
to an assistantship in the laboratory of the 
Royal Institute. Successively assistant to Davy 
in the latter’s chemical researches, director ofthe 
chemical laboratory and occupant of the chair of 
chemistry created for him in 1833, his associa- 
tion with the Institute encompassed the whole 
of his active scientific career, a span of approxi- 
mately 42 years. Although his initial researches 
were in chemistry, his paper’ of 1821 on the 
history of electromagnetism—in which he re- 
viewed the work of previous investigators, having 
first duplicated the experiments of those whom 
he discussed—revealed an active interest in 
electrophysics, an interest culminating ten years 
later when, in a paper® read before the Royal 
Society, he summarized the results of a series of 
notable and important experiments, the fruits 
of the interim. 

The incentive of these experiments was to 
determine whether or not electromagnetic anal- 
ogies to certain electrostatic phenomena were to 
be found.’? An electrostatic charge causes a 
charge of opposite sign to appear on adjacent 
portions of neighboring conductors; if a current 
were set up in a circuit, might not an adjacent 


4Ampére, ‘‘Sur la théorie mathématique des _ phé- 
noménes électrodynamiques uniquement déduite de l’ex- 
périence,’’ Mémoires de l’Académie des Sciences 6, 175-388 
(1825). 

5 Faraday, “A historical sketch of electromagnetism,” 
Ann. Phil. [2] 2, 195-200, 274-290 (1821); 3, 107-121 
(1822). 

* Faraday, ‘Experimental researches in electricity,” 
Phil. Trans. Roy. . pp. 125-162 (1832). 

7Faraday, ‘Experimental researches in electricity’’ 
(vol. 1, 1839; vol. 2, 1844; vol. 3, 1855); see pars. 1-5, 26. 


circuit be traversed by an induced current? Re- 
search revealed that an induced current was 
produced but lasted only so long as the inducing 
current was undergoing a change.* Concluding 
that the induced current depended not on the 
mere presence of the inducing current but, 
rather, on its variation, Faraday went on to 
examine this point in detail. Not a mathema- 
tician, but always an experimenter with a desire 
for the concrete, he was led to invent a new 
scheme for representing the magnetic field 
physically. 

The curves traced out by iron filings in a mag- 
netic field suggested to Faraday the concept of 
a magnetic curve or line of force, a curve whose 
tangent at any point is in the direction of the 
magnetic field intensity at that point.!° These 
lines of force fill all space; every line is a closed 
curve.!' If a small nonintersecting curve be taken 
in space, the lines of force intersecting this curve 
must form a closed tubular nonintersecting 
surface termed a tube of force; the product of 
the magnetic intensity and the cross-sectional 
area is constant along the length of the tube." 
In virtue of this final property, Faraday con- 
ceived all space as being divided up by these 
tubes, each tube being such that this product was 
the same for all. Such tubes are termed unit 
tubes of force, and the number per unit area taken 
normal to them at a given point is a measure of 
the magnetic intensity at this point.“ 

With this concept as his guide, Faraday 
pursued his investigations on electromagnetism 
to the end that he found an electromotive force 
to be induced in a circuit when (a) the current 
in a neighboring circuit was varied in magnitude, 
(b) a magnet was moved in the vicinity of the 
circuit, or (¢c) the circuit was moved in the 
presence of a magnet or an adjacent current. He 
thereupon concluded that, in every case, induc- 
tion depended upon the relative motion between 
the circuit and the magnetic curves in the 
vicinity, and, further, was able to determine the 


8 Reference 7, pars. 10-11. 

® Reference 7, pars. 12-26. 

10 Reference 7, par. 114; in modern terminology, lines of 

induction. 

1 Reference 7, par. 3117. 

12 Reference 7, par. 3271. 

13 Reference 7, par. 3073. 

14 Reference 7, par. 3122. 
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relationship between the direction of cutting of 
the magnetic curves and the direction of the 
induced electromotive force. Pressing on, he 
found in 1832 that currents produced by induc- 
tion in similar wires of various metals forming 
circuits of the same geometric shape and position 
are proportional to the conductivity of the 
metals.'® In the light of later knowledge, this 
may be interpreted to mean that, in essence, 
induction is the production of a definite electro- 
motive force (emf) which is dependent not on 
the substance of the conductor but on the inter- 
play between the wire and the lines of force, this 
emf being produced whether or not the circuit is 
closed. 

Again, he noted that the induced emf is a 
function of the total number of lines cut in a 
given period of time,'’ but it was not until 1851 
that he wrote ‘“‘whether the wire moves directly 
or obliquely across the lines of force in one 
direction or the other, it sums up the amount of 
the forces represented by the lines it has crossed’’!® 
so that ‘‘the quantity of electricity thrown into 
the current is directly as the number of curves 
intersected.” 1° It is to be noted that he did not 
at any time state definitely—other than for the 
very special case of a uniform field cut at a 
uniform ratio?°9—what is now termed Faraday’s 
law of induction. We have Maxwell’s” statement 
that he himself was uncertain just how clear 
this was in Faraday’s mind in 1832, although 
he felt that, beyond question, Faraday believed 
the induced emf to be caused by a change in 
the number of magnetic lines linked with the 
circuit.” 

In addition to this mutual induction Faraday 
was the first to bring out clearly the nature of 
self-induction. William Jenkin™% and Joseph 


's Reference 7, pars. 114-116. 

'6 Reference 7, par. 213. 

'7 Reference 7, par. 217. 

'8 Reference 7, par. 3083. 

‘9 Reference 7, par. 3115. 

20 Reference 7, par. 3114. 

“J. C. Maxwell, A treatise on electricity and magnetism 
(Oxford, ed. 3, 1904), vol. 2, pp. 188-189. 

* Faraday, reference 7, pars. 217, 238. 

*s Faraday, ‘‘On the magneto-electric spark and shock,” 
Phil. Mag. 5, 349-354 (1834). 

Ina private letter to Faraday, Jenkin gave the details 
of his observations and leave to publish them; see reference 
/, par. 1049 and pp. 206-207. 
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Henry* had noted that, provided the exterior 
circuit was completed by a long coiled wire, a 
powerful electric shock could be obtained from 
a comparatively feeble battery when the circuit 
was ruptured. Faraday?*® showed that the large 
momentary current noted on breaking the circuit 
was produced by a current induced in the circuit 
and reinforcing the original current as the latter 
decayed. This is the phenomenon of self- 
induction ; it is described by the same principles 
as in mutual induction. 


EmiL LENz 


In 1834 the German physicist Emil Lenz?’ 
stated what is often called the second fundamental 
law of electromagnetism. This law, correlating the 
direction of the induced emf in a circuit and the 
direction of the action of the mechanical force 
stemming therefrom, was phrased by Maxwell?® 
as follows: 


If a constant current flows in the primary circuit A, 
and if, by the action of A, or, of the secondary circuit 
B, a current is induced in B, the direction of this 
induced current will be such that, by electromagnetic 
action on A, it tends to oppose the relative motion of 
the circuits. 


FRANZ NEUMANN 


In 1845 Franz Neumann*®® communicated to 
the Berlin Academy of Science a mathematical 
theory of the induction of currents. Neumann’s*® 
own résumé of his first attempts follows in 
translation : 


If one accepts Lenz’s law it follows that where in- 
duction is produced by a displacement of a conductor 
in the presence of an inducing current or magnet, the 
electrodynamic force exerted by the inducing agent 
upon the conductor tends always to retard the thove- 
ment of this latter, and if one notes that the instan- 


2% Henry, ‘‘On the production of currents and sparks of 
electricity from magnetism,” Am. J. Sci. and Arts 22, 
402-408 (1832). 

26 Reference 7, par. 1089. 

27Lenz, ‘Uber die Bestimmung der Richtung der 
durch elektrodynamische Vertheilung erregten galvanische 
Stréme,”” Ann. der Physik und Chemie [2], 31, 483-494 
(1834). 

28 Reference 21, p. 190. 

29 Neumann, Die mathematische Gesetze der induzierten 
elektrischen Stréme (Berlin Abhandlungen, 1845), pp. 1-17. 

30 Neumann, ‘Recherches sur la théorie mathématique 
de l’induction,”’ J. de Mathématique 13, 113-178 (1848); 
see pp. 170-171. 
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taneous induction is proportional to the velocity with 
which the movement takes place, one arrives at a law 
expressed by the formula* 


Eds = —eCds. 


In this formula, ds is an element of the conductor, 
Eds is the electromotive force developed in the element, 
v is the velocity of ds, and C is the component, taken 
in the direction of motion of ds, of the electrodynamic 
force that would be exerted upon the element if the 
latter were traversed by a current of unit intensity. 
The quantity e can be regarded as constant at the 
instant when induction takes place; considered as a 
function of time, it is a quantity which decreases with 
extreme rapidity from the instant that induction 
takes place. 

When the emf Eds is developed in the element ds 
of the arc s, E is a function not only of s but also of 
time; however, by supposing that the variations of E 
with time are incomparably less rapid than the prop- 
agation of the electric current in the arc s, one can 
apply to the induced current Ohm’s law, according 
to which the magnitude of the electric current is equal 
to the sum of the electromotive forces divided by the 
resistance of the circuit. 

The magnitude of the current induced in the circuit 
will be, therefore, 


—é'e £ wCds, 


e’ being the conductance of the arc s, and the sign £, 
indicating that the expression vCds must be integrated 
along the length of arc. 


By means of this formula Neumann® was able 
to calculate the induced currents in various 
special cases. After completing this development, 
he* went on to attack the subject in an entirely 
different manner: 


I will now show that the current induced in a con- 
ductor by a magnet stems only from the change of 
magnitude that the relative movement of the two 
bodies brings about in the potential whose Cartesian 
derivatives represent the three components of the 
total force exerted upon the magnet by the conductor 
when traversed by a unit current; thus, one may 
enunciate the following principle: the change of this 
potential is the cause of the induction, and if it should 
be of such magnitude and such manner that this 
potential undergoes a constant and definite change 
the induction produced is always the same. 


The connection between the afore-mentioned 
potential and the induction of current can be 


31 For a derivation of this formula see reference 30, pp. 
114-115. 

® Reference 30, pp. 113-145. 

33 Reference 30, p. 145. 


shown quite easily.** Consider two circuits s and 
s’ carrying currents J and I’. The work required 
to bring these two circuits close to each other 
from an infinite distance apart is 


W=II' g g ds-ds’/r, 


where W is the mutual potential energy of the 
two circuits and is Neumann’s potential func- 
tion multiplied by IJ’, and where 


g $ as-ds'/ 


represents the total number of lines of flux that 
pass through s owing to unit current in s’. By 
Faraday’s law, the emf induced in s depends 
only on the variation through s of the lines 
coming from s’. Thus, Neumann*® discovered 
that this potential function supplies all that is 
needed for an analytic study of the induced 
electromotive forces in s. Further, it is to be 
noted that, if unit current exists in both circuits, 
Neumann’s potential function is numerically 
equal to the mutual-inductance of the two 
circuits, the same following from the definition 
of this quantity. 


WILHELM WEBER 


A short time after Neumann made known his 
theory of induction, the German physicist 
Wilhelm Weber*® put forward a theory that 
unified electrodynamics and electrostatics. This 
theory was based on certain assumptions origi- 
nally promulgated by G. T. Fechner,*’ according 
to which an electric current consisted of identical 
streams of oppositely charged particles passing 
through a conductor in opposite directions, like 
charges being assumed to attract when moving 
parallel in the same direction, unlike charges 
attracting when moving parallel in opposite 


34 See, for example, W. R. Smythe, Static and dynamic 
electricity (1939), pp. 304-308; or, F. Neumann, reference 
30, pp. 151-155. 

% Note the previous quotation. 

36 Weber, ‘‘Elektrodynamische Maasbestimmungen,”’ 
Ann. der Phys. und Chemie [2] 73, 193-240 (1849). 

37 Fechner, “Uber die Verkniipfung der Faraday’schen 
Inductions Erscheinungen mit den Ampére-schen elektro- 
dynamischen Erscheinungen,”’ Ann. der Phys. und Chemie 
[2], 64 (1845). 
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directions. With-these assumptions Fechner has 
been able to effect a theory that brought Am- 
pere’s and Faraday’s laws into conjunction. 
Weber, adopting Fechner’s hypotheses, con- 
ceived the total electrodynamic force between 
two current elements to be the vector sum of 
the various forces of attraction and repulsion 
between the charged particles in the two current 
elements: two electrified particles experienced 
an electrostatic repulsion or attraction, and, in 
addition, a mutual force which existed by virtue 
of the relative velocity between the two par- 
ticles. Although his formula for the electro- 
magnetic energy associated with two current 
elements differed from that previously given by 
Neumann, the two formulas, as Helmholtz*® 
later showed, give the same values for the elec- 
tromagnetic energy associated with closed cir- 
cuits. Previous to this detail, Helmholtz had 
made important contributions in numerous 
branches of electric and magnetic theory. 


HERMANN VON HELMHOLTZ 


In his classical memoir of 1847 Helmholtz*® 
maintained that the potential and kinetic energy 
of dynamic systems could be converted into 
chemical, thermal, magnetic, electrostatic and 
electric forms, these in turn being transformable 
among themselves. As one illustration of this 
contention, he considered the action that takes 
place when a magnet is moved in the vicinity of 
an electric circuit. Analysis revealed that the 
energy furnished by the battery equals the sum 
of the energy dissipated owing to conductor 
resistance and that communicated to the magnet 
electromagnetically. Hence, the current is not 
directly proportional to the emf of the battery, 
and we have manifested electromagnetic in- 
duction. Because Helmholtz, at that time, did 
not know of the storage of energy in the electro- 
magnetic field, much of the analysis in this paper 
is wrong ;*° curiously enough, owing to a for- 
tunate, mutually canceling combination of energy 
exchanges, Helmholtz obtained the right result 


88H. von Helmholtz, “Uber die Bewegungsgleichungen 
der Elektricitat fiir ruhende leitende Kérper,” J. fiir die 
reine und angewandte Mathematik 72, 57-129 (1870). 
39 Helmholtz, Uber die Erhaltung der Kraft (Berlin, 
848) 


40 Maxwell, reference 21, vol. 2, p. 192. 
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in the case cited. This problem and the similar 
one of two electromagnets were later solved 
rigorously by William Thomson, who largely 
formulated the true energy theory of magnetic 
and electromagnetic fields. 


WILLIAM THOMSON (LorRD KELVIN) 


In several preliminary papers Thomson con- 
sidered various phenomena connected with mag- 
netic fields produced by permanent magnets. In 
one of these® he distinguished between the two 
vectors B and H, afterwards termed by Maxwell* 
the magnetic induction and the magnetic force. In 
1851 Thomson“ had conceived the idea that the 
energy stored in the magnetic field—this energy 
he termed the mechanical value of the current— 
due to a current circulating in a closed circuit 
devoid of emf is equal to the mechanical work 
done in splitting the circuit into geometrically 
similar circuits of infinitesimal cross section and 
bringing these from infinity to form the circuit 
in question, the individual currents remaining 
constant throughout this process. 

One of Faraday’s experiments had shown that 
a circuit doubled on itself has no stored electro- 
magnetic energy; no spark is manifested when 
the circuit is ruptured. Starting from this fact, 
Thomson* in 1853 worked out that the energy 
required to double a circuit in which the current 
is maintained constant is }LJ° and that, there- 
fore, this must be the electromagnetic energy 
associated with the circuit. He affirmed that L 
depended only on the geometry of the circuit.‘® 
Here, for the first time, the concept of inductance 


41Thomson, Papers on electrostatics and magnetism 
(London, ed. 2, 1884), pp. 446-447. j 

“ Thomson, “A mathematical theory of maghetism,’’ 
Trans. Roy. Soc. 141, 243-285 (1851); see par. 48 and 78. 

43 Maxwell, reference 21, pp. 24-25. 

44 Reference 41, pp. 445-446. 

45 W. Thomson, On the mechanical value of distributions of 
electricity, magnetism, and galvanism, Proc. Glasgow Phil. 
Soc. 3, 281-285 (1853). 

46 Reference 45, p. 285: ‘“‘Hence it is concluded that the 
mechanicai value of a current of given strength in a linear 
conductor of any form is determined by calculating the 


‘amount of work against electrodynamic forces required to 


double it upon itself, while a current of constant strength 
is maintained in it. The mathematical problem thus pre- 
sented leads to an expression for the required mechanical 
value consisting of two factors, of which one is determined 
according to the form and dimensions of the line of the 
conductor, irrespectively of its section, and the other is 
the square of the strength of the current.” 
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appears as a specific entity. In 1860 Thomson‘? 
defined L as the electrodynamic capacity of the 
circuit, and stated that the energy stored in the 
electromagnetic field of a circuit, and thence the 
inductance, could be calculated from the formula 


(1/8) [ff rravdyas, 


Here, H is the field strength; the integral is 
extended over all space. Although given for a 
single circuit in a medium of unit permeability, 
this formula can be extended to calculate the 
energy stored in the field produced by any 
number of circuits carrying current. Hence, in a 
homogeneous medium of permeability yu, it is 
possible to calculate the self- and mutual- 
inductance coefficients of the circuits present. 

It is interesting to note that the concept of 
inductance originally arose from the considera- 
tion of the energy stored in the field of a circuit. 
The definition on the basis of flux linkages follows 
when it is noted that Thomson’s method of 
obtaining the energy stored in the field of a 
circuit—and from this the inductance of the 
circuit—is identical with that used by Neumann 
to obtain his potential—and hence the mutual 
inductance of two circuits. 

A comparison of the formulas given for the 
energy stored in the magnetic field of permanent 
magnets and for the energy stored in the electro- 
magnetic field produced by currents shows that 
they are identical. Accordingly, the energy stored 
in the field owing to any combination of per- 
manent and temporary magnets and current- 
carrying conductors can be calculated. Further, 
this formula is such that the energy can be con- 
sidered as distributed throughout the medium 
with a consequent density at any point equal to 
uH?/82r. This concept of distributed energy is a 
distinctive feature of Maxwell’s theory. 


JAMES CLERK MAXWELL 


A contemporary of Thomson was James Clerk 
Maxwell, first director of the Cavendish Labora- 
tory, who formulated a theory of electromag- 


47 Thomson, ‘‘Dynamicai relations of magnetism,” 
Nichols cyclopaedia of physical sciences (1860), p. 548: ‘‘The 
electrodynamic capacity of a linear conductor of any form 
is double the mechanical value of a current of unit strength 
circulating in it.” 


netism which, although amplified by his suc- 
cessors, remains fundamentally unchanged to 
this day. Inspired by Faraday’s researches, 
Maxwell plunged into the task of translating the 
former’s experimental results and ideas into 
mathematical form. The first major memoir‘ 
devoted to this undertaking was presented before 
the Cambridge Philosophical Society in 1855 and 
was published in its Transactions some years 
later. Maxwell likened Faraday’s lines of force 
to the lines of flow of an incompressible liquid, 
the induction density corresponding to the 
velocity of such a fluid. Taking the equation 


Curl A=B, 


where A is the vector potential and B is the 
induction density, and assuming that Div A=0. 
Maxwell found that the emf induced in an 
element of a conductor is proportional to 
—dA/dt taken at the element. Further, Maxwell 
showed that Curl H=4rI; or by Stokes’s 
theorem, the line integral of magnetic force 
around the curve bounding a surface equals 4z 
times the current through the surface. 

Following this paper, Maxwell proceeded to 
work out a mechanical conception of the mag- 
netic field. In a series of papers*® presented in 
1861 and 1862, he set forth his vortex theory of 
the electromagnetic field, the formation of this 
concept being, beyond doubt, strongly influenced 
by certain of the vortex researches of Thomson 
and Helmholtz. In these papers appear most of 
Maxwell’s field equations. The ideas embodied in 
these papers were unified and extended in the 
course of the next few years. Finally, in 1864, 
Maxwell®® presented to the Royal Society a 
memoir which marked the completion of the 
foundations of his electromagnetic theory. He 
and many others were to amplify and investigate 
the multitudinous consequences of this theory, 
but its substance has persisted virtually un- 
changed. 

In the introduction to this paper Maxwell 
states that, although the ‘‘action at a distance” 
theory developed by Weber and Neumann had 


48 Maxwell, ‘On Faraday’s lines of force,’’ Trans. 
Cambridge Phil. Soc. 10; 26-83 (1864). 

49 Maxwell, “‘On physical lines of force,” Phil. Mag. 21, 
161-175, 281-291 ; 338-348 (1861) ; 23, 12-23, 85-95 (1864). 

50 Maxwell, ‘‘A dynamical theory of the electromagnetic 
field,’’ Phil. Trans. Roy. Soc. 155, 459-512 (1865). 
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proved to be exceedingly useful in explaining 
certain electric, magnetic and electromagnetic 
phenomena, he yet finds it difficult to accept the 
assumption of particles acting at a distance with 
forces dependent on their velocities; he prefers 
to think of these forces as being produced by 
actions that go on in the surrounding medium as 
well as in the bodies themselves, and to explain 
the actions that take place between separated 
bodies without having recourse to forces which 
can act directly over appreciable distances. By 
considering certain optical, electric and mag- 
netic phenomena, he was led to conceive of an 
ether, of small but actual density, filling all space 
and permeating all bodies therein, capable of 
being set in motion and of transmitting this 
motion from one point to another with finite 
velocity. From this last property it follows that 
the motion of one portion of the ether depends 
on the motion of the remainder, and, the velocity 
of propagation of the motion being finite, a 
certain yielding or displacement takes place. 
Accordingly, the medium may receive and store 
energy: a kinetic energy, dependent on the 
motion of its portions and with which the elec- 
tromagnetic energy is associated; a potential 
energy, given up when recovering from displace- 
ment and with which the electrostatic energy is 
associated. Propagation of energy through this 
medium consists of a continual transformation 
from one form of energy to the other. 

From the fact that a body lying in a changing 
electric or magnetic field or moved through a 
field experiences a force which can cause charge 
to flow, can decompose the body or can produce 
electric polarization, all of which effects tend to 
disappear when the disturbing force vanishes, 
Maxwell was led to explain this electromotive 
force as the agency by which the emf of one part 
of the ether causes motion in the other. If this 
emf acts on a closed conducting circuit it pro- 
duces a current which, in turn, produces heat, 
the action being irreversible. If it acts on a 
dielectric it produces a state of electric polariza- 
tion or electric displacement, this phenomenon 
being complicated by the conductivity of the 
dielectric which, although small, may not be 
inappreciable; and by electric absorption, the 
phenomena manifest in the residual charge of the 
Leyden jar. 
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To summarize: Maxwell’s theory hinged on the assump- 
tion of an ether, permeating all bodies and modified by 
their presence; parts of the ether can be set in motion by 
magnets and electric currents, the motion being propagated 
out from one part by emf’s arising from the elastic con- 
nections of these parts, these emf’s producing certain dis- 
placements or yieldings of the ether, thereby resulting in 
energy existing as kinetic energy due to motion of these 
parts and potential energy due to the elastic displacements. 
By virtue of this mechanism and provided the principles 
interrelating the motions of the various parts of the ether 
are known, the consequences of its motion should be 
derivable by the laws of dynamics. 


Having deduced the nature of his ether, 
Maxwell went on to consider induction in cir- 
cuits. If a current exists in a circuit, a magnetic 
field is produced. Two such circuits will produce 
a field in which the individual effects are com- 
bined: hence, each part of the field is in cor- 
respondence with the two circuits, and, there- 
fore, these are in correspondence with each other. 
One result of this correspondence is the possi- 


- bility of inducing a voltage in one circuit by 


varying the current in the other circuit or by 
moving the first circuit in the field of the second. 
The laws of induction deduced, Maxwell went 
on to obtain from them the laws of mechanical 
action between current-carrying conductors, 
thus reversing the procedures of Helmholtz and 
Thomson. 

In the deduction of these laws there appear 
certain coefficients, Li, Leo, and Ly. To these 
Maxwell gave the name coefficients of self- and 
mutual-induction. He showed that they were 
functions only of the geometry and relative posi- 
tion of the two circuits and were related to the 


energy stored in the magnetic field by the 
equation 


W=}3 P+ 5 Lele +Lielils. ' 


He indicated how these coefficients could be 
measured by means of an inductance bridge, gave 
three methods by which they could be calculated 
for circuits composed of conductors of infini- 
tesimal cross section and pointed out how, by 


considering any conductor to be composed of an 


aggregate of conductors having infinitesimal 
cross sections, the inductance of a circuit of finite 
cross section could be determined. Some years 

51 They are, of course, also functions of the permeability ; 


Maxwell was concerned here only with a medium of unit 
permeability. 
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later he advanced the concept of geometric mean 
distance, which materially simplified the numer- 
ical labor involved in calculating the inductance 
of circuits composed of parallel cylindrical con- 
ductors of finite cross section. 

In 1873 Maxwell’s* comprehensive Treatise on 
electricity and magnetism was published. In this 
treatise is found the first explicit analytic solution 
of a problem involving skin effect; namely, the 
calculation of the components of the emf per unit 
length of an isolated linear cylindrical conductor 
of radius y which carries an alternating current 
that distributes itself over the cross section in 
accordance with the electromagnetic field it 
produces.™ In the 1864 memoir® Maxwell had 
shown that the steady-state direct-current in- 
ductance of a circuit was not identical with the 
transient-state inductance and had explicitly 
stated that the variation was due to the non- 
uniform current density over the cross section of 
the cylindrical conductor during the transient 
period. He now gave an exact solution. 

Obtaining for e the expression 

di 1 d% 
Ri+L——-—— 

dt 12Rdi 48R* dé 
where R and L are the direct-current resistance 
and inductance, respectively, Maxwell®® pointed 
out that the terms involving derivatives of order 
larger than one spring from the fact that the 
current density is not uniform over the cross 
section of the conductor. As Rayleigh later 
remarked, Maxwell evidently did not realize that 
the alteration of resistance and inductance with 
frequency might be of practical importance; nor 
did Maxwell separate the right-hand member of 
the foregoing equation into components due to 
resistance and inductance, respectively. This was 


52 Maxwell, ‘‘On the geometrical mean distance of two 
figures on a plane,”’ Trans. Edinburgh Roy. Soc. 26, 729- 
733 (1872). 

esa Treatise on electricity and magnetism (Oxford, 
1873). 

5 Reference 53, pp. 310-312. 

55 Reference 50, p. 509: ‘‘But at the commencement of a 
current and during its variation the current is not uniform 
throughout the section of the wire, because the inductive 
action between different portions of the current tends to 
make the current stronger at one part than the other.” 

56 Maxwell, A treatise on electricity and magnetism 
(Oxford, ed. 3, 1904), pp. 321-323. 


first done by Rayleigh ;5’ however, Heaviside,** *9 
several years earlier, in the course of an exhaus- 
tive investigation of the electric and magnetic 
phenomena associated with a current through 
long linear solenoids wrapped about cores of 
different permeabilities, had shown how, as the 
frequency increased, the current induced in the 
core tended to concentrate on the outer part of 
the cross section with a consequent change in the 
effective impedance of the electric circuit in- 
volved, and had given formulas for the circuit 
impedance as a function of the frequency of the 
impressed voltage. 


OLIVER HEAVISIDE AND LoRD RAYLEIGH 


The series of papers containing the researches 
just mentioned appeared in The Electrician 
during the years 1884 and 1885. Like much of 
Heaviside’s work, they apparently attracted 
little attention when first published. Notice was 
centered upon them, however, when in 1886, in 
his inaugural address as president of the Society 
of Telegraph Engineers, Professor D. E. Hughes" 
discussed the results of a series of measurements 
made upon coils subjected to applied voltages of 
different frequencies and magnitudes. Hughes 
interpreted his data as manifestations of phe- 
nomena not hitherto known. Heaviside,™ how- 
ever, in a rather acrimonious letter, pointed out 
that some of the experimental data were invali- 
dated by the faulty use of the inductance bridge 
employed in finding the same, and that the 
remainder, when properly interpreted, confirmed 
analytic deductions concerning the change of 
resistance, inductance and impedance with fre- 
quency as published in the papers just mentioned. 


57 Rayleigh, ‘‘On the self-induction and resistance of 
straight conductors,’”’ Phil. Mag. 21, 381-394 (1886); see 
p. 388. 

58 Heaviside, ‘‘The induction of currents in cores,’’ Elec- 
trician 12 (1884); 13 (1884); 14 (1884-85). 

59 Heaviside, Electrical papers (Boston, 1925), vol. 1, 
pp. 353-416; see especially pp. 368 and 384. 

6° Hughes, ‘‘Presidential address,” Electrician 16, 255- 
258 (1886). 

61 Heaviside, ‘“‘Note on the self-induction of wires,” 
Electrician 16, 471-472 (1886). In this letter appears the 
first specific reference to what has since been called the 
proximity effect, the change in current density over a con- 
ductor due to the field of the parallel return. It is of 
interest to note, however, that Maxwell had previously 
deduced that the inductance of a given circuit is apparently 
decreased when current exists in an adjacent circuit, while 
its apparent resistance is increased. See Maxwell, reference 
50, p. 475. 


These 
althou: 
part oO 
was ql 
biting 
Hea 
Hughe 
addres 
W. A. 
errors 
of da 
advan 
In 
results 
pretat 
Weber 
reason 
The 
ensuir 
meani 
attent 
effect 
higher 
the cz 
induc 
but n 
wirele 
8 He 
Electri 
attenti 
plicitly 
curren 
cylindi 
see He 
wires — 
(1885) 
8H 
electri 
conduc 
discuss 
OW 
resear( 
é 65 W 
of Mr 
ductor 
66 S 
67 H 
electri 
(1886) 
68 WV 
regard 
69 T 
the fe 
paper: 
70 T 


“Note 
“a 


cc ve ffic 
pacity 





EVOLUTION OF CERTAIN ELECTRIC CONCEPTS 


These criticisms were shortly accepted as right, 
although not without some remonstrance on the 
part of Hughes, whose objections Heaviside® 
was quick to squelch in an even more politely 
biting letter than the first. 

Heaviside was not the only one who criticized 
Hughes’s work. In the discussion following the 
address,® S. P. Thompson, Rayleigh, G. Forbes, 
\W. A. Aryton and others pointed out possible 
errors in experimental technic and interpretation 
of data. Subsequently, other criticism was 
advanced by H. F. Weber ® and W. Smith.® 

In the same year Hughes published the 
results of a second set of researches. His inter- 
pretation of them was again challenged by 
Weber® who pointed out divers flaws in Hughes’s 
reasoning. 

The publication of Hughes’s researches and the 
ensuing controversy as to their validity and 
meaning aroused great interest, brought to the 
attention of engineers the importance of skin 
effect and proximity effect, especially at the 
higher frequencies, and centered interest upon 
the calculation of the effective resistance®® and 
inductance”? of circuits of various shapes. It was 
but natural, this being before the invention of 
wireless, that circuits composed of linear parallel 


® Heaviside, ‘‘Note on the self-induction of wires,” 
Electrician 16, 510, (1886). In this letter Heaviside calls 
attention to the fact that in January 1885, he had ex- 
plicitly described how, during the transient state, the 
current distribution varied over the cross section of a 
cylindrical conductor carrying a longitudinal direct current; 
see Heaviside, ‘‘On the transmission of energy through 
wires by the electric current,’ Electrician 14, 178-180, 
(1885). 

° Hughes, ‘Inaugural Address: the self-induction of an 
electric circuit in relation to the nature and form of its 
conductor,” J. Soc. Telegraph-Engineers 15, 6-25 (1886); 
discussion, pp. 26-100. 

°* Weber, ‘‘Certain critical remarks on Professor Hughes’s 
researches, Electrician 16, 451 (1886). 

° Weber, ‘Critical remarks on the newest discoveries 
of Mr. Hughes regarding self-induction in metallic con- 
ductors,”’ Elec. Rev. 18 ,321-323 (1886). 

66 Smith, ‘‘Letter,”” Electrician 16, 455-456 (1886). 

°? Hughes, ‘‘Researches upon the self-induction of an 
electric current,” Electrician 17, 71-73, 95-96, 118-119 
(1886). 

°8 Weber, ‘‘Remarks on the second paper of Mr. Hughes 
regarding self-induction,” Elec. Rev. 19, 30-33 (1886). 

°° This expression was introduced by W. Thomson; see 
the footnote in his Collected mathematical and physical 
papers (London, 1890), vol. 3, p. 492. 

‘0 The term inductance was coined by Heaviside; see his 
“Notes on nomenclature,” Electrician 16, 271 (1886): 
“. . . The inductance of a circuit is what is now called its 
coefficient of self-induction, or of electromagnetic ca- 
pacity.’ 
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conductors were the first to be considered. 
Thanks to Maxwell, the necessary mathematical 
theory was available, and the problems could be 
resolved. 

In 1886 Rayleigh published two papers treat- 
ing such problems. The first of these was con- 
cerned with a general dynamical principle 
regulating the effects of constraints on the 
motion of a material system. Therein Rayleigh” 
showed that the differential equations charac- 
terizing such a system could be interpreted in 
terms of the parameters characterizing a system 
of inductively coupled electric circuits, and that 
the change in resistance and inductance with 
frequency were natural consequences of the 
afore-mentioned principle. In the second paper 
Rayleigh” applied the equations of the first 
paper to obtain a more refined solution of 
Maxwell’s skin-effect problem, giving explicit 
expressions for the ratio of alternating-current 
to direct-current resistance and inductance. He 
also pointed out certain errors in Maxwell’s 
treatise—misprints in the text and certain over- 
sights in analysis. 

In the same year appeared the first of a series 
of papers by Heaviside.” the whole comprising 
an exhaustive investigation of the phenomena 
associated with the propagation of longitudinal 
currents in linear cylindrical conductors. These 
papers contain numerous new formulas for the 
inductance of various combinations of parallel 
cylindrical conductors with various ranges of 
impressed frequency; in addition, the formulas 
earlier given by Rayleigh are extended.” Sub- 
sequent to Heaviside’s papers appeared many by 
other authors, treating in detail certain cases 
whick arose with the advance of electrical 
engineering, and of which a detailed solution was 
necessary. Of these, one is of particular interest. 
In his 1889 Inaugural address to the Society of 
Telegraph-Engineers, Lord Kelvin™ treated, 


™ Rayleigh, ‘‘Reaction upon the driving-point of a 
system executing forced harmonic oscillations of various 
periods,” Phil. Mag. 21, 369-381 (1886). 

” Rayleigh, ‘On the self-induction and resistance of 
straight conductors,’’ Phil. Mag. 21 381-394 (1886). 

73 Heaviside, ‘Electromagnetic induction and its propa- 
gation,’’ Electrician 17 (1886); 18 (1886-87); 19 (1887); 
20 (1887-88). 

™% Heaviside, Electrical papers (Boston, 1925), vol. 2, pp. 
47, 49, 59, 64, 97, 99. 

7 Thomson, ‘‘Ether, electricity, and ponderable matter,” 
J. Soc. Telegraph-Engineers 15, 6-25 (1886). The mathe- 
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among other topics, skin effect in cylindrical 
conductors. In this lecture he introduced the ber 
and bei functions and gave a table of computed 
values for a limited range of arguments. 

Several years later Schuster’® contributed a 
valuable note on the vector potential. In it he 
considered the surface conditions that must be 
satisfied by the vector potential at points in an 
interface between two mediums of different per- 
meabilities. This topic had not previously been 
treated in detail. 


CONCLUSION 


The men who followed Maxwell and who 
extended his work—Lorenz, Hertz, Lorentz and 
others—were concerned chiefly with the electro- 


matical details of Thomson’s solution appear in his 
Collected papers in mathematics and physics (London, 1890), 
vol. 3, pp. 511-515. 

76 A. Schuster, ‘‘Electrical notes: the vector potential,” 
Phil. Mag. 32, 9-20 (1891). 
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dynamics of radiation and wave-propagation 
phenomena. In their work Maxwell’s theory 
appears in various guises, but its substance 
remains unchanged. Thus, although approxi- 
mately 80 years have passed since Maxwell's 
classical memoir was published and although 
the mechanical interpretation of Maxwell's 
equations as originally comprehended by Maxwell 
himself has long since been largely discarded, the 
mathematical theory contained in that same 
paper is yet used to obtain the solutions of the 
complex problems encountered in modern elec- 
trophysics and electrical engineering. 

While all references cited have been read and 
while, for the most part, the material presented 
is drawn from the original sources, I must 
acknowledge my indebtedness to that valuable 
work, E. T. Whittaker, A history of the theory of 
ether and electricity, from which I obtained leads 
to certain of the earlier published references. 


Soil Morphology and Soil Physics 


C. C. NIKIFOROFF 
Bureau of Plant Industry, U. S. Department of Agriculture, Washington, D. C. 


DENTIFICATION of the soil types, corre- 

lation of the individual soil species and a 
general classification of the soils are based 
primarily on certain elemental characteristics 
which collectively comprise the soil morphology. 
These elemental characteristics include color, 
texture, consistency, porosity and _ structure. 
Some of these, such as texture, are more or less 
constant, whereas others, such as color, con- 
sistency and structure, are subject to consider- 
able changes in different degrees of moisture of 
the soil. 

The taxonomic unit of soil morphology is a 
soil horizon, or a section of the soil body that 
has acquired individual morphological charac- 
teristics different from those of the other parts 
or sections of the same soil. Therefore, in text- 
books dealing with soil morphology, the ele- 
mental characteristics are usually referred to the 
individual horizons. Every soil consists of several 


horizons which collectively comprise a soil pro- 


file (Fig. 1 (a), (6), (c) and (d) ]. Literally, a soil 


profile is a two-dimensional homaloidal repre- 
sentation of the vertical cross section of the soil 
body. In such a cross section the soil horizons 
appear in the form of bands that extend more or 
less parallel to the surface of land. These bands, 
however, represent only the visible edges of the 
soil horizons which extend throughout the area 
that is occupied by a given type of soil. 

The term horizon has a different meaning in 
soil science and in geology. The horizon of the 
geologists denotes position; it has no thickness, 
being merely a stratigraphic level or plane. On 
the other hand, a soil horizon is a layer or bed; 
it has a certain thickness which is one of its 
fundamental characteristics no less important 
than color, texture or consistency of the material 
of which this horizon is composed. The thickness 
of soil horizons ranges from a fraction of an inch 
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(a) (0) 


to several feet. Only in rare cases is the thickness 
of any individual soil horizon greater than 3 or 
4 ft. 

The sequence or arrangement of various 
horizons in the soil profile, their thickness and 
the character of the transitions between the 
adjacent horizons themselves are important mor- 
phological characteristics by which various 
taxonom.. units of the soil can be identified. 
Therefore descriptive soil morphology deals 
primarily with the arrangement of the soil 
horizons, their dimensions and such charac- 
teristics of their materials as color, texture, con- 
sistency, porosity and structure. 

A morphology in itself is nothing more than 
an external manifestation of certain chemical and 
physical reactions that took place in the original 
parent material from which the soil horizon has 
been developed. Behind each morphological 
characteristic there exists a long story of a 
certain process. The sum total of morphological 
characteristics represents what one may call the 
soil anatomy, and the sum total of the processes 
which lead to the development of these charac- 
teristics represents the soil genesis as well as its 
physiology. 

Soil genesis implies a process of gradual trans- 
formation of the inert parent material into a 
definitely organized dynamic soil. A mature soil 
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(c) (d) 
Fic. 1. Typical soil profiles: (a) Podzol, a forest soil; (6) Chernozem, a tall grass prairie soil; (c) a short-grass prairie 
soil of the semi-arid regions; (d) Solod, a meadow soil affected by poor drainage. 


is a system that is in equilibrium with its envir- 
onment, the latter including the thermodynamic, 
hydrodynamic and biodynamic conditions on the 
surface of the earth. Therefore, soil genesis may 
be regarded as a process of readjustment of the 
fresh parent material to the conditions that 
prevail throughout the medium of pedogenesis. 

Moreover, modification of the parent material 
into the soil is not a continuously progressing 
process. After reaching a condition of equi- 
librium with its particular environment the soil 
remains constant until some changes in environ- 
ment disturb the equilibrium. The latter may be 
caused by changes in climate or vegetation, by 
agricultural practices of men, by erosion of land, 
and so forth. Morphological characteristics of 
the soil, however, are neither permanent nor 
static. They exist as long as the processes upon 
which they depend continue to operate. As soon 
as the process ceases to function, the correspond- 
ing soil characteristic begins to fade, to degrade 
and finally vanishes. It follows that morpho- 
logical characteristics indicate not only the trend 
of soil genesis but also its present functions. 
This should demonstrate the significance of soil 
morphology in general soil science. It is the record 
of the life-story of the soil. The real value of such 
a record, however, can be appreciated only after 
deciphering of the alphabet in which it is written. 





348 Cc. €. NIEIPFOROPY 


To put it another way, the full significance of 
various morphological characteristics can be 
understood only if one knows the nature of the 
processes which lead to their development. One 
soil is red and another may be brown. Their 
color is a determining characteristic upon which 
they may be classified. Yet a recognition of this 
difference in color is of little value if one does 
not know why it arises. 

A comprehensive investigation of the soil 
involves at least four fundamental problems. It 
must answer four questions: what, how much, 
how and why? 

As an independent scientific discipline soil 
science is rather young. It builds its dominion 
at the crossroad of geology, biology, chemistry, 
physics and climatology in which it develops its 
own contributing departments. Roughly speak- 
ing, soil chemistry deals primarily with the 
problems of what and how much, whereas soil 
physics handles the problems of how and why. 

Soil morphology and soil physics are very 
closely related to each other. Perhaps, the main 
difference between them is that morphology 
deals especially with the finished products. It 
measures, describes, correlates and_ classifies 
these products, whereas soil physics is called 
upon to explore how these products are formed 
and why they develop. Indeed, no sharp line of 
demarcation between soil physics and mor- 
phology can be drawn because they deal with 
different aspects of essentially the same objects. 
In the same way soil physics is intimately related 
to soil chemistry. 

Presumably, every so-called normal soil de- 
velops from a more or less homogeneous parent 
material. It may be assumed that such a material 
originally had a relatively uniform physical, 
petrographic and chemical composition including 
a relatively uniform texture, color, consistency 
and structure throughout the layer which later 
on was affected by the pedogenic activity. 

The differentiation of the genetic soil horizon 
in which these original characteristics under- 
went certain changes is due to the uneven 
intensity of the processes of soil formation in 
different parts of the parent material and to a 
different general character of the processes at 
different depths from the surface of the land. 


It seems safe to assume that the decomposition 
of various minerals and the different means of 
disposal of various products of such a decom- 
position are the principal causes of changes in 
the original material. The products of decom- 
position may be disposed of in two different 
ways. They may be carried away by leaching 
from the place in which they are released, or 
they may be recombined in the same place into 
new forms that are more stable against the 
decomposing agencies than the original minerals 
from which they were liberated. The materials 
that are carried away may be either leached from 
the soil entirely or transported only a short 
distance and deposited in another soil horizon. 
The shifting of various constituents from one 
soil horizon into another may be referred to as 
their migration, and their recombination in place 
within a given horizon as segregation. 

Naturally, the fate of the products of decom- 
position, that is, whether they are able to 
migrate or become segregated, depends primarily 
upon their solubility and the movement of the 
solvent. The common solvent is soil water, 
usually charged with carbon dioxide. If the 
solvent moves predominantly downward, as is 
the case in most of the humid regions, then the 
translocation of the soluble soil constituents 
from the upper soil horizons into the lower may 
take place. If the solvent moves predominantly 
upward, as in arid regions, then the soluble con- 
stituents will be carried toward the surface and 
will accumulate in the upper soil horizons. In 
certain instances lateral movement of water— 
seepage—also may effect the translocation of the 
dissolved constituents. 

The solubility of the products of decomposition 
depends to a considerable extent upon the reac- 
tion of the medium in which they may be 
liberated or through which they have to pass. 
Since the reaction usually is not the same in 
different soil horizons, it may cause a solution of 
certain constituents in one soil horizon and 
their precipitation in another horizon. 

Obviously, any new morphological character- 
istic which may be acquired by the soil because 
of either migration or segregation of one or more 
of its constituents will be accompanied by 
changes in chemical and mineralogical composi- 
tion of the parent material. 
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The effects of redistribution of various soil 
constituents due to their migration from one 
soil horizon into another can be clearly demon- 
strated by chemical analyses of the whole 
materials of different soil horizons and by a 
direct comparison of the data thus obtained with 
the data on chemical composition of the original 
material ; such a comparison demonstrates either 
losses or gains of one or another constituent in 
this or that soil horizon. However, the changes in 
composition of the original material in various 
soil horizons which supposedly are demonstrated 
by such analyses may be only apparent. The 
true losses or gains of various constituents can 
be demonstrated only by a calculation of the 
data obtained by analyses on a common basis. 
Such a basis may be obtained by assuming for 
some particular soil constituent a fairly constant 
value of content throughout the soil profile, 
which would enable one to recalculate results of 
analyses upon a parent material quotient. 

Furthermore, the true losses or gains of various 
constituents in different soil horizons are not 
strictly comparable with one another unless they 
are calculated as total losses or gains. The latter 
can be learned by calculating the true losses or 
gains upon a volume factor of the corresponding 
soil horizon which represents a relative thickness 
of such horizons. For example, consider a soil 
profile in which one horizon is 12 in. thick and 
another 20 in. thick. Suppose that the first 
horizon has lost 5 g of sesquioxides per 100 g of 
original material, whereas the second horizon has 
gained 4 g of these constituents for the same 
mass of original soil. Consider a vertical column 
of this soil of such thickness that it contains 100 
g of soil per vertical inch. If such a column is 
extended throughout the first and second hori- 
zons, then the total loss and gain of the sesqui- 
oxides from this column will be —60 and +80 g 
in the first and second horizons, respectively. 

bviously, the precise value of the volume factor 
depends upon the thickness of the soil horizons, 
the density of the soil and the specific gravity of 


‘As used in this paper, the expression parent material 
quotient indicates a volume or weight equivalent of a 
certain amount of the original material. For example, let 
us take 100 g of the original material. This amount of 
material may loose 15 g in one soil horizon and gain 8 g in 
another horizon. Therefore, the parent material quotients 
in these horizons will be 85 and 108 g, respectively. 


AND: SOIL PHYSICS 349 
its solid materials. The thickness of the horizons 
can be determined only by means of a scrupulous 
observation of the soil morphology, whereas the 
density and specific gravity of their materials 
has to be determined by a soil physicist. This 
demonstrates the importance of soil morphology 
and soil physics as a basis for calculation and 
proper interpretation of the data obtained by a 
soil chemist. 

Needless to say, the differences in chemical 
composition of various soil horizons of a given 
profile can be attributed to the migration of soil 
constituents only if this soil has been developed 
from a thoroughly uniform original material. A 
great many soils develop from redeposited and 
more or less stratified parent materials. In such 
a soil one horizon may develop from a material 
which originally was different from that of the 
other horizons. Obviously in these soils the new 
or acquired characteristics, chemical as well as 
physical, are superposed upon the pre-existing or 
inherited characteristics. Extreme care must be 
taken in distinguishing between the two types. 
Here again a soil chemist is practically helpless 
if his work is not coordinated with the work of a 
morphologist, a physicist and a petrographer. 
Unfortunately, many otherwise valuable chem- 
ical studies lead to erroneous conclusions simply 
because the character of the original material 
and its original dissimilarities in various parts 
of the soil profile were not taken into account. 
The investigation of physical properties of the 
soil coupled with data on mineralogical com- 
position and soil morphology, and only these, 
can provide the basis for an assumption of one 
or another character for the parent material. 

During the last few decades soil chemists, as 
well as soil morphologists, placed rather undue 
emphasis on the role of migration of soil con- 
stituents. There has been an almost irresistible 
tendency to discover in nearly every soil profile 
the so-called A-, B- and C-horizons, of which 
the B-horizon has been regarded almost univer- 
sally as an “‘illuvial.’’ This unwarranted tendency 
overshadowed the importance of numerous 
recombinations of the soil constituents without 
migration to which the common name segregation 
is given in this paper. 

The routine total analyses of the whole soil 
materials cannot demonstrate the effects of 
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segregation; the average chemical composition 
of a fundamentally reorganized soil material may 
be essentially the same as that of the original 
material. The effects of segregation can be 
demonstrated only by parallel analyses of dif- 
ferent parts of fractions of the materials from 
various soil horizons. For example, these mate- 
rials can be divided into colloidal and noncol- 
loidal parts. Again, the soil can be divided into 
sand, silt and clay or into any other mechanical 
fractions. A given mechanical fraction may be 
divided into parts composed of heavy and light 
minerals, and so forth. Each of these parts or 
fractions must be analyzed individually. 

Here is a simple example. Suppose that the 
whole material of a given soil horizon and the 
whole original material have exactly the same 
percentage of silica, for example, 80 percent. But 
parallel fractional analyses indicate that 80 
percent of the total silica in the parent material 
is held in noncolloidal parts of the soil, and 20 
percent in colloid, whereas, in some particular 
horizon, only 60 percent of the total silica is in 
the noncolloidal part of the horizon and 40 
percent in colloid. This indicates the transfer of 
20 percent of total silica from the noncolloidal 
part of the soil to the soil colloid, that is, segre- 
gation of silica by the colloid from the noncol- 
loidal part of the soil. Such results can be 
obtained by the calculation of the data of frac- 
tional chemical analyses on the basis provided 
by physical or mechanical analyses. 

Again, the direct data obtained by these 
analyses demonstrate only apparent effects of 
segregation. The true effects can be learned only 
by recalculation of these data upon the parent 
material quotient. Such a recalculation would 
not be so important, perhaps, if the formation of 
a new soil horizon had been due entirely to the 
recombinations of its constituents in place; for 
in this case, the parent material quotient would 
be affected only by changes of the bulk density 
and specific gravity of the original material. 
There is hardly any soil, however, whose develop- 
ment is due exclusively to either migration or 
segregation of various constituents. Therefore, a 
comprehensive chemical investigation of the 
soil must consider both effects and evaluate each 
of them separately. 

So far we have dealt predominantly with the 


chemical part of soil investigation. An attempt 
has been made to present in a most general way 
what is going on in the parent material during 
its modification into the soil and the means by 
which the questions “what’’ and “how much” 
can be answered. This subject has been treated 
at some length in order to present a clearer 
picture of the objectives with which the problems 
“how” and “why” are concerned. The special 
work of the soil chemist probably ends with the 
last calculation of the data regarding ‘‘what” 
and “how much,” and the special work of the 
soil physicist begins at the very same point. 

It has been pointed out that the essence of the 
transformation of the parent material into the 
soil is the establishment of a condition of equi- 
librium between this material and the environ- 
ment which prevails on the surface of land. It is 
assumed that the fresh parent material is not in 
equilibrium with this environment. Instead, it 
is in equilibrium with the environment which 
prevails at some depth from the land surface and 
which is characterized by ‘relatively constant 
moisture and temperature and is affected very 
little, if at all, by living organisms. The equi- 
librium between mineral material and such an 
environment is relatively static. The changes of 
this equilibrium are due only to certain slow 
geological processes of general weathering, and 
even these are absent at a great enough depth. 

Living organisms and variability of moisture 
and temperature are the outstanding charac- 
teristics that differentiate the environment on 
the land surface from that below a certain depth. 
This difference of conditions in the two mediums 
and consequently different states of equilibriums 
in each system give the general answer as to why 
the uppermost part of the parent material cannot 
rest unchanged but undergoes reorganization in 
the soil. 

Each system consists of two components: a 
relatively passive mineral framework of the soil 
and a combination of dynamic factors—including 
living organisms, heat and moisture—which act 
upon the first component. 

Insofar as the formation of any particular soil 
is concerned, the dynamic part of the system 
remains in a state of relatively constant kinetic 
equilibrium. Any deviation from such a state 
would detract the process of development of the 
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soil toward a somewhat different end-product. 
Therefore, an average biological pressure,” aver- 
age temperature and average moisture must be 
taken as relatively constant throughout the 
period of development of any particular soil. 
These averages, naturally, are the results of 
interpolation of different values in each system. 
At the depth at which the parent material 
remains unchanged, biological pressure is prac- 
tically zero and moisture and temperature are 
nearly constant, whereas, near the surface, all 
these factors are subject to more or less rhythmic 
diurnal and annual fluctuations. 

It is a passive solid component, especially the 
mineral framework of the soil, that is subject to 
readjustment in the systems progressing toward 
a kinetic equilibrium in the soil and a potential 
equilibrium in the parent material. There is no 
sharp line of demarcation between the zones 
occupied by these two systems and hence no 
abrupt boundary between the soil and its un- 
modified parent material. The biological pressure, 
the average temperature, the average moisture 
and, especially, the magnitudes of diurnal and 
annual deviations from the means are not the 
same throughout the zone of pedogenesis. 
Because of this the original material does not 
change evenly throughout the soil body and the 
soil acquires a profile composed of several dif- 
ferent horizons. Each horizon develops in a 
specific environment somewhat different from 
the environments in which the other horizons 
are formed and, consequently, each horizon 
attains a specific equilibrium which determines 
its individual morphological face. 

In this paper we shall not be concerned with 
living organisms, although they represent the 
most influential factor of soil formation. This 
particular branch of soil science relates more 
closely to biochemistry than to physics. Soil 
physics deals especially with heat and water 
relationships in the soil. 

Variations of temperature and moisture in the 
soil are usually spoken of as soil climate. Figura- 
tively speaking, soil climate is an echo of the 
climate of the atmosphere. The climatic ele- 


* The grades of biological pressure, as used throughout 
this paper, refer to the relative amount of active living 
matter whether in weight or volume per unit area, for 
example, in tons or cubic feet per acre. 
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ments, of which temperature and precipitation 
are the most important, do not cease abruptly 
as they strike the surface of the land, but pene- 
trate for a short distance below the surface. They 
continue to fluctuate diurnally and annually 
below the land surface in much the same way 
as in the air, although with a rapidly decreasing 
speed of transfer of heat and water from one 
level to another and with a rapidly shrinking 
range of deviations from the means. 

The daily maximums of the temperature in the 
air send into the soil the waves of relatively high 
temperature separated from each other by the 
waves of somewhat lower temperature which 
originate from the daily minimums in the 
atmosphere. The decrease in the speed with 
which these waves penetrate the soil leads to 
the retardation of the daily and annual maxi- 
mums and minimums at different levels of the 
soil. At a certain depth from the surface the 
diurnal maximum may occur simultaneously with 
the diurnal minimum at the upper layer of the 
soil. To put it another way, the daily maximum 
in the former layer of the soil may occur several 
hours later than in the latter. At some greater 
depth the annual maximum may arrive in 
January or even later, whereas near the surface 
of the soil it is more likely to occur in July or 
August. 

Since the transfer of heat is always from the 
point of higher to the point of lower temperature, 
a layer of the soil that has acquired its diurnal 
maximum temperature must send a part of the 
accumulated heat back upward as soon as the 
layer above it is chilled to a lower temperature. 
Thus the quantity of heat that flows downward 
gradually decreases and the amplitude between 
the diurnal extremes shrinks to a vanishing point 
at the base of the soil. The transmission of heat 
also, of course, depends upon the thermal con- 
ductivity and thermal capacity of the medium. 

Soil climate refers not exclusively to the 
rhythmic fluctuation of the temperature and 
humidity of the air in the soil but to the fluctu- 
ation of temperature and moisture in the whole 
system which is composed of three phases—solid, 
liquid and gaseous. The solid part of soil is an 
unconsolidated heterogeneous mixture of organic 
material and minerals, the individual particles of 
which range in size from ultramicroscopic clay 
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minerals to large fragments of rocks. The liquid 
part is water carrying variable amounts of dis- 
solved material, including salts, carbon dioxide, 
organic matter, and so forth. The gaseous part 
represents the soil air with admixtures of dif- 
ferent gases, such as carbon dioxide and ammonia. 

The proportions of the solid and nonsolid 
matter in the bulk of soil vary according to its 
porosity. The proportions of soil water and soil 
air in soil of any given porosity range from a 
nearly complete saturation of the pore space with 
water to a nearly complete desiccation of the 
soil, although, under natural conditions, prob- 
ably no soil can be deprived of all its air or water. 

The mineralogical composition of the solid 
framework of the soil varies from an almost pure 
assemblage of one mineral, such as quartz, to an 
extremely complex mixture of many different 
minerals of different specific heats and thermal 
conductivities. An assemblage of the same 
minerals may differ in packing at different places 
and, consequently, in porosity and in pattern of 
the pore space. Furthermore, the same as- 
semblage of solid particles may acquire a different 
structural arrangement in the soil and this may 
vary with changes of moisture. 

This variety of conditions affecting either 
directly or indirectly the flow of heat through the 
soil and the quantity of heat which may reach 
this or that horizon leads to a great variety of soil 
climates. Therefore a relatively monotonous and 
uniform blanket of the atmospheric climate 
becomes a multicolored patchwork as soon as the 
elements enter the medium of the soil. This 
variety of the thermal and hydrologic régimes 
leads to the development of different soils in 
areas characterized by a relatively uniform 
atmospheric climate. The differences in soil 
climate may be small and inconspicuous at any 
given moment, but since they persist during 
long periods of time consumed by adjustments of 
the parent material to the environment, their 
effects on soil morphology may become rather 
spectacular. 

Exact data on the diurnal and annual flow of 
heat through the natural soils are very meager. 
The few and rather casual observations which 
have been reported are rather amateurish as 
regards both methods and equipment. Inves- 
tigations of the thermal conductivity of various 
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soils materials are more numerous and methodo- 
logically more satisfactory. Almost all these 
investigations, however, were dealing, not with 
natural soils, but with samples of the soil 
materials that had been dried, crushed, sifted 
and repacked. It is not yet precisely known how 
much such operations distort the character of 
heat transmission in the soil, although it may be 
expected that the distortion is drastic. Since, in 
soil development, even a slight deviation from 
the normal condition may lead to a remarkably 
strong effect, the data obtained by these studies 
of artificial soils may have only a relative value. 
The thermodynamics of the natural soils and of 
their formation are still the ‘terra incognita’’ 
which awaits its explorer. 

Water is another outstanding element of the 
soil climate. There is a certain, although remote, 
similarity between the movements of water and 
heat through the soil. Indeed, changes in soil 
moisture lack the rhythmic regularity charac- 
teristic of the flow of heat because of a rather 
sporadic supply of water. 

Movement of water in the soil is particularly 
important because water is the principal carrier 
of the mobile soil constituents. It is doubtful 
whether any appreciable migration of such con- 
stituents would take place in the permanently 
dry soil. Water carries various materials either 
in suspension or in solution. It drops its cargo 
either because of the oversaturation of the solu- 
tion or because of reactions between the dis- 
solved materials which may lead to the precipi- 
tation of the new insoluble compounds or to their 
coagulation. The soil itself may retain certain 
dissolved matter by absorption and some sus- 
pended material by acting as a filter. 

Movement of water through the soil is possible 
because the soil is porous. The volume of pore 
space ranges in different soils from about 30 to 
60 percent of the bulk. In some soils a relatively 
low porosity may be represented by compara- 
tively large interconnected voids, whereas in the 
others a high porosity may be represented by a 
dense network of very small voids. It is cus- 
tomary in soil science to speak about a “‘capil- 
lary”’ and ‘“‘noncapillary” soil porosity, although 
such a nomenclature is open to criticism. 

In every soil a part of the porosity is repre- 
sented by the capillary voids and another part 


Fic. 
thin lz 
part o 


by tl 
parts 
with 
and « 
large 
the c 
thec 
Th 
its \ 
perh; 
holdi 
volur 
artifi 
the r 
the c 
woul 
that 





SOIL MORPHOLOGY 


a ad 
SARC 
eee ea . 


Fic. 2. Precipitation of iron oxides and formation of the 
thin layers of ortstein (iron cemented sand) in the lower 
part of the soil profile. 


by the noncapillary. The ratio between these 
parts ranges widely and may vary in a given soil 
with the moisture content. Many soils shrink 
and crack on drying, thus opening a network of 
large voids and increasing the compactness of 
the crumbs of soil separated from one another by 
the cracks. 

The pattern of the pore space and the range of 
its variability under different conditions are 
perhaps more important as regards the receiving, 
holding and transmission of water than the mere 


volume of the pore space. It should be noted that - 


artificial treatment of the soil samples destroys 
the natural pattern of soil porosity and changes 
the condition of a water transfer even if packing 
would bring the sample to a density similar to 
that of a natural soil. 
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Water moves through the soil because of its 
weight, capillary action, hydrostatic pressure 
and, in the vapor state, convection. To these may 
be added transpiration of soil water by plants 
and evaporation from the surface of leaves, but 
since we are omitting consideration of organisms, 
these causes of water movement will not be 
discussed in this paper. 

Most of the water entering the soil from the 
surface comes, of course, from rain and snowfall. 
Some comes from water vapor condensed from 
the air. A much smaller, perhaps negligible, 
amount of water comes from below the soil 
surface. Only certain hydromorphic intrazonal 
soils which develop in poorly drained areas are 
affected by abundant ground water supplied by 
seepage or hydrostatic pressure. Except for these 
hydromorphic soils, the capillary effect and 
evaporation are the principal causes of rising 
soil moisture, whereas the force of gravity is the 
principal cause of the downward movement of 
soil water. On the basis of the effects produced 
by gravitational and capillary forces, four dif- 
ferent states of soil water are recognized— 
gravitational, capillary, hygroscopic and com- 
bined water. To these, water vapor may be 
added. 

The speed with which water flows through a 
particular soil depends upon the permeability of 
this soil to water and its capacity to hold its 
water against one or another force. Both these 
conditions are determined by the total surface 
area of the solid particles and by the soil porosity, 
especially the size and shape of the voids. 
Naturally, gravitational water moves faster 
through relatively large voids, whereas the capil- 
lary action takes place in the small channels. 
This again demonstrates the importance of inves- 
tigation of the behavior of water in a natural 
soil rather than in artificially"\packed samples of 
the soil material. 

This paper is not concerned with the funda- 
mental laws of the soil and water relationship. 
We are interested now primarily in the effects 
of movements of soil water on soil formation 
and, especially, on soil morphology. 

Leaching, or a transfer from the upper to 
lower level, represents the most common form 
of migration of the mobile soil constituents. 
Various salts, free oxides and in some instances, 
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Fic. 3. Vesicular porosity of the upper horizon of 
the semi-arid soil. 


perhaps, colloid as a whole may be shifted from 
one level to another by leaching. Obviously, the 
transfer depends chiefly upon the movement of 
gravitational water in relatively large voids. 
Two different forms of leaching may be recog- 
nized. One of them is an exceedingly slow geo- 
logical leaching which removes the soluble 
products of rock weathering and probably is 
responsible for their accumulation in the ocean. 
Geological leaching affects the entire zone of 
weathering. It accompanies the formation of the 
unconsolidated parent material from which the 
soil may be developed. It is a continuous process 
and the soil, being a part of the crust affected by 
weathering, also is subject to this leaching. 
Another form of leaching consists of a down- 
ward migration of various soil constituents and 
their deposition within the soil profile. Most of 
the rain water which enters the soil fails to ooze 
through the soil very far beneath the surface. 
The water front advances downward slowly and 
with rapidly decreasing speed. Since the influx 
of water is not continuous, sooner or later the 
wave of maximum moisture breaks away from 
the surface. The intervals between the periods 
of intake of water are usually characterized by 
rising temperature and evaporation which stimu- 
late a capillary pull toward the level of vaporiza- 
tion. Vaporization creates an upper water front 
which follows the lower one owing to a gradual 
desiccation of the soil. Sooner or later the capil- 
lary pull exceeds the force of gravity and reverses 
the direction of movement of water from the soil. 
Evaporation, naturally, leads to the concen- 
tration of soil solutions and to precipitation of 
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the solutes. However, it does not bring the dis- 
solved matter back to the points from which it 
originated but drops it in different places. The 
deposition probably takes place more frequently 
on the level at which the lower water front has 
ceased to advance. The examples of such a 
relocation are many. One of them is evident in 
Fig. 2, which shows a series of irregular dark 
streaks near the base of the soil profile. These 
streaks represent the cuts of irregular crustlets 
formed by precipitation of iron oxide and some 
other compounds which have cemented the loose 
sandy soil into the thin brightly colored crusts. 
Presumably, they mark the position of the lower 
water front in different years. Once formed, these 
clogged sheets begin to act as filters for the fol- 
lowing waves of descending solutions and to 
grow in thickness. In some places they may merge 
into a continuous soil horizon. 

Since gravitational water moves faster through 
the large voids, it naturally fills them first and 
then spreads into the smaller pores. These large 
voids form a network of cracks which break the 
soil into lumps of various shapes and sizes. 


Fic. 4. Prismatic structure of the B-horizon in arid 
short-grass prairie soil. 
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Fic. 5. Shrinking and crack- 
ing of the soil on drying open 
a net of large voids. 


Although some air is trapped inside the lump 
when the network of voids fills with water, most 
of the air tends to escape from the surface. In 
some soils covered by a scant vegetation the 
tramping of the surface by drops of rain produces 
a compact crust which obstructs the escape of 
air bubbles from the soil. A rise of temperature 
following the rain causes the air bubbles to 
expand, which leads to the development of a 
peculiar vesicular form of soil porosity, 
example of which is shown in Fig. 3. 

The intake of water may be accompanied by 
a considerable swelling of the soil, whereas the 
desiccation of such a soil causes it to shrink and 
crack. In some horizons the soil material breaks 
down into roughly prismatic clods such as those 
which are shown in Fig. 4; in other horizons it 
may split horizontally into laminae of various 
thickness and in still others it breaks into irreg- 
ular blocks of various sizes (Fig. 5). Each of 
these types of fragmentation is characterized by 
a corresponding pattern of the coarse voids which 
affects differently in each case the flow and 
transmission of heat and water through the 
corresponding soil horizons. 

Some spectacular effects on soil morphology 
are produced by the freezing of water in the soil. 
An example of this is the soil shown in Fig. 6, 
which froze while in a thoroughly wet condition. 
The black horizontal streaks represent the thin 
lenses of pure ice, between which are compressed 
layers of the soil. 

Hydrolysis is one of the most important reac- 
tions which alter the parent material. The 


an 
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effectiveness of this process very likely depends 
to a considerable extent on the duration of a 
direct contact between the soil and water. The 
uppermost soil horizon is wetted more frequently 
and, perhaps, is traversed by a greater volume 
of water than the lower horizons (except for soils 
that are affected by seepage). However, it gives 
up its water more quickly and usually is desic- 
cated more thoroughly than the lower horizons. 
Therefore, the time during which soil and water 
are in contact may be shorter in this horizon than 
in the others. 

Obviously, the length of time during which the 
soil may hold its water depends upon the rates 
of percolation, evaporation and transpiration by 
plants. The difference in duration of the soil and 
water contact in various soil horizons may be 
either great or small during a particular year, 
but in the long run it is sufficient for the develop- 
ment of strikingly dissimilar soil horizons from 
an essentially uniform original material. 

These are but a few, although perhaps the 
most conspicuous, examples of morphological 
characteristics of the soil and of the physical 
factors of their development. Many other less 
spectacular, but by no means less important, 
examples could be added to this list. 

Experimental agriculture demonstrates that 
some of these characteristics are beneficial as 
regards the principal predestination of soil in 
nature—its function as a sort of a clearinghouse 
between the organic and inorganic worlds— 
whereas the other characteristics are rather nega- 
tive, at least from the practical viewpoint of man, 
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Fic. 6. Effect of freezing of the wet soil. The black streaks represent the thin lenses of ice which 
split the soil horizontally. (About two thirds natural size.) [Photograph by courtesy of Grant A. 


Mickelson. ] 


Man’s interest in soil is not mainly academic; 
he looks upon the soil as a principal source of 
his food and his wealth rather than with a 
scientific curiosity. Experience in agriculture 
teaches him that, although a potential capability 
of the soil to yield crops and to support the living 
world is great, indeed, the vital functions of this 
soil can be ruined by improper management. No 
other natural resource is subject to such a long 
and equally drastic treatment and exploitation. 
Thus through bitter experience he learns the 
necessity of careful preservation and _ skilful 
development of the useful characteristics of the 
soil and of a cautious control of the others. 
Needless to say, none of his efforts can be very 
successful unless he knows how these charac- 
teristics have been developed in the first place, 
what they indicate and what their dynamics are. 

Soil physics is not much younger than general 
soil science. The number of valuable contribu- 
tions to this discipline is already large, and the 
flow of new studies continues to increase. Soil 


physics holds a prominent place in the curric- 
ulums of agricultural schools and _ colleges; 
textbooks have been written and published. It 
should be noted, however, that the so-called soil 
physics of today still represents to a considerable 
extent a somewhat amateurish combination of 
descriptive soil morphology and rather unsys- 
tematic experimental data regarding various 
physical properties of the soil materials. These 
materials in most instances are represented by 
dead soil samples, crushed, sifted, and repacked 
according to the purpose of the experiment. 
Obviously, such samples have little in common 
with a natural soil from which they were taken. 

Soil physics should operate with undisturbed 
natural soil and its physical properties and 
dynamics. This is the only gate through which 
one may hope to approach the solution of the 
problems of how the soil has been formed, why 
it has acquired one or another morphological 
face and what is the significance of its mor- 
phological characteristics. 
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Some Interesting Aspects of the Impact Ball Apparatus 


SEVILLE CHAPMAN 
University of Kansas, Lawrence, Kansas* 


POPULAR demonstration piece used to 

illustrate Newton’s third law of motion 
consists of a row of similar steel balls which just 
touch one another and are suspended by bifilar 
suspensions so that all the balls swing in the 
same plane (Fig. 1). Sometimes one or more of 
the end balls is of larger mass than the rest of 
the balls in the row. 

The motions of the balls when all of them have 
the same mass m are easily explained by assum- 
ing perfect elasticity and employing the prin- 
ciples of conservation of momentum and energy 
stated in the forms 


> mv=>mu, (1) 
Lyme = dpm’, (2) 


where w and » are the velocities of the balls 
before and after impact, respectively. When the 
masses of two balls are the same, Eqs. (1) and 
(2) show that their velocities must be exchanged 
on impact. In a long row, if four balls are drawn 
out and then released, four balls fly out from the 
other end after the impact, all the other balls 
remaining at rest. 

Suppose now, the four balls that are drawn 
aside originally are replaced by a single ball of 
mass exactly four times that of the smaller balls. 
Equations (1) and (2) would still be satisfied if 
four small balls would again fly out after impact 
with a velocity equal to that of the large ball 
before impact. If one tries the experiment, it 
very definitely does not work that way. Why 
not? 

One’s first impulse is to say that the balls are 
not perfectly elastic, and thereby their failure to 
follow the expected course is explained. But if 
one measures the coefficient of restitution e of 
the balls (the ratio of.the relative velocity of two 
balls after impact to their relative velocity before 
impact) one finds it to be about 0.99 (Fig. 2). 
This is too small a discrepancy from perfect 
elasticity to explain the “jumble” of balls that 
one finds experimentally. 


* Now at Stanford University, Stanford University, 
California. 


A second effect to be explained is the following 
one. Suppose that only three balls are used (for 
convenience), and that one of the end balls has a 
mass several times that of the other two. It is 
found that if the two small balls are drawn aside 
and released so as to collide with the stationary 
large ball, a fascinating cyclic motion results. 
After every two (or four) multiple impacts, the 
two little balls will fly out together with their 
original amplitude. The point to be explained is 
that sometimes there are two collisions to the 
cycle and sometimes four. It is important to 
notice that in either case the original conditions 
of energy and momentum are identical, and yet 
the same motion does not always occur. 

Both of these effects can be explained on the 
basis of sequence of impacts. If Eqs. (1) and (2) 
are used to solve for ve, the velocity of one of the 
balls after impact, in terms of m, and me, the 
masses of the balls, and 7; and wo, their velocities 
before impact, one obtains 


Vo=[2myui+(m2—m)u2|/(mitme). (3) 


Now if one makes a step-by-step calculation, 


Fic. 1. Impact ball apparatus. Note the adjustable 
stops by which the effective lengths of the pendulums can 
be controlled. 
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Fic. 2. Coefficient of restitution of steel balls as a func- 
tion of their relative speed before impact. The values have 
been corrected for air friction. It is imperative that the 


balls be extremely clean and well polished if such high 
values of e are to be obtained. 


using Eq. (3), going down the whole line of balls 
in the first instance and figuring each impact 
successively, he will arrive finally at a situation 
where all the balls are separating. From the 
measured amplitudes of swing, one can check 
the calculated velocities, and will find that the 
agreement is quite good. 

The second effect with three balls is the 
simplest case in which there can be any differences 
in the order of impact.! For instance, in a given 
multiple collision of the three balls, the middle 
ball may collide first with the end ball on the 
left, or with the one on the right. The resulting 
motion will depend on which impact occurs first. 

Let us suppose that we allow the big ball of 
mass 4 units to hang at rest, and that two little 
balls each of mass 1 unit are drawn aside (to the 
left, say) and released together. The sequence of 
collisions that follows is indicated in Fig. 3. The 
two balls swing down practically together, the 
middle ball first colliding with the big ball, then 
immediately rebounding into the other little 
ball, exchanging velocities with it, and rebound- 
ing into the big ball. A step-by-step calculation 
using Eq. (3) shows that the balls will now 
separate with amplitudes roughly proportional 
to those indicated in the diagram. 


1 The case of two balls of unequal masses has been dis- 
cussed by Lemon, Am. J. Phys. (Am. Phys. T.) 3, 36 
(1935). 


On the next multiple collision, if the first 
impact is between the middle ball and the dig 
ball, the sequence of impacts will be the same 
as in the first collision, but in reverse order. A 
step-by-step calculation using Eq. (3) shows 
that after three impacts the two little balls will 
fly out together with their original speed so that 
their amplitude of swing will be the same as their 
original amplitude. 

The process then repeats, and we have a “‘two- 
collision’”’ cycle. We shall represent the impacts 
of the middle ball with the big ball and with the 
little ball by the symbols B and L, respectively, 
as in Fig. 3. 
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Fic. 3. The complete two-collision cycle. 
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Fic. 4. The complete four-collision cycle. 


Now 
middle 
that ce 
shows 
occur. 
one, bi 
collisio 
the firs 
ampliti 
origina 

If, « 
impact 
ball, tl 
carried 
four n 
out to 
repeat 
Studer 

To] 
the ba 
an ele 
in sucl 
with 1 
produ 
the os 
the m 
settin 
as to 





a rn 


el OTC rT vw tC—SSC 


IMPACT BALL APPARATUS 


Now suppose that, on the second collision, the 
middle ball collides first with the little ball. In 
that case, a step-by step calculation [Eq. (3) ] 
shows that the events indicated in Fig. 4 will 
occur. As before, the first collision is a B-L-B 
one, but now the second one is a four-impact 
collision, L-B-L-B. When the balls separate after 
the first collision, the little end ball will have an 
amplitude about 30 percent greater than its 
original amplitude. 

If, on the next multiple collision, the first 
impact is between the middle ball and the big 
ball, the events of the first two collisions will be 
carried out, but in the reverse order, so that after 
four multiple collisions two little balls will fly 
out to their original amplitude. The process will 
repeat and we have a “four-collision’’ cycle. 
Students always are fascinated by these cycles. 

To put these conclusions to experimental test, 
the balls were connected by flexible wires through 
an electric circuit to a cathode-ray oscillograph 
in such a way that when the middle ball collided 
with the big ball it completed a circuit which 
produced a slightly larger vertical deflection of 
the oscillograph spot than was produced when 
the middle ball collided with the little ball.? By 
setting the sweep circuit of the oscillograph so 
as to draw the spot rapidly across the screen 


Fic. 5. Photograph of the oscillograph screen showing four 
complete two-collision cycles. 


* The voltages used were such as to preclude sparking; 
see Loeb, Electrical discharges in gases (Wiley), pp. 413 ff. 


Fic. 6. Photograph of the oscillograph screen showing two 
complete four-collision cycles. 


horizontally, the time during which the multiple 
collision lasted (about 1/50 sec) was spread 
out over about 3 in. of screen. 

By noting the order in which the “bigger or 
littler’’ deflections were produced, it was possible 
to note the order in which the middle ball col- 
lided with the big ball or with the little ball. In 
photographing the oscillograph screen an addi- 
tional electric circuit was included which gradu- 
ally reduced the amplitude of the vertical 
deflections, so that as many as eight or ten 
multiple impacts could be recorded on a single 
film. In this way the complete sequence of 
events in several two- or four-collision cycles 
could be obtained on the one film. Finally a 
timing wave from an oscillator of adjustable 
frequency was put on the film for reference. 

Figure 5 is a photograph of the oscillograph 
screen obtained for the two-collision cycle. 
Again the symbols B and L stand, respectively, 
for the impacts of the middle ball with the big 
ball and with the little end ball. The symbol E 
stands for the extraneous impact sometimes ob- 


-served when the two little balls fly out to their 


original amplitude at the end of a cycle, and just 
happen to touch. 

Figure 6 is a photograph of the oscillograph 
screen obtained for the four-collision cycle. In 
this case the synchronization between the 
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Fic. 7. Time of contact of steel balls (R=1.25 cm) asa 
function of their relative speed before impact. The points 
are experimental, but the solid line is a theoretical inverse 
fifth power curve. Since the exact values of the elastic 
constants of the balls are unknown, the theoretical curve 
is adjusted to fit one of the experimental points. The 
constant of the inverse fifth power law for this adjusted 
curve has a value 7 percent lower than that calculated 
from tabulated values of the physical constants. 


pendulums and the oscillograph was not quite 


exact, but it is seen that the cycle is B-L-B, 
L-B-L-B, B-L-B-L, B-L-B as predicted. 

Verification has also been obtained for an 
eight-collision cycle. In this case the events are 
B-L-B, L-B-L-B, L-B-L, B-L-B-L, L-B-L-B, 
L-B-L, B-L-B-L, B-L-B. 

While the order of impact can be partially 
controlled by varying the amplitude of swing, it 
is most easily controlled by varying the lengths 
of the pendulums. This can be done without 
changing the positions of the balls by moving the 
adjustable stops shown in Fig. 1. 

For the two-collision cycle the pendulum of 
the big ball should be somewhat shorter than for 
the other two (perhaps 3} in. shorter—the value 
is not critical). For the four-collision cycle, the 


pendulum of the big ball should be somewhat 
longer than for the other two. It takes consider- 
able patience to adjust for an eight-collision 
cycle. The pendulum of the little end ball should 
be shorter than that of the middle ball, and the 
pendulum of the big end ball should be longer. 
The differences in length are only a few tenths of 
an inch and are very critical. 

When only two balls are used, it is interesting 
to inquire how long they are actually in contact 
during impact. Hertz* predicted that for two 
equal balls of radius R approaching each other 
with a relative velocity u, the time of impact ¢ 
should be kR/u!/*, where k is a constant for any 
particular material, being a function of the 
density, Young’s modulus, and Poisson ratio of 
the material. 

With the oscillograph it was a simple matter 
to measure the time of contact by increasing the 
frequency of the sweep circuit so that the writing 
speed of the spot was about 5000 in./sec. The 
results are shown in Fig. 7 for the only case 
investigated, that of two steel balls of radius 
1.25 cm. It is seen that the inverse fifth power 
law is quantitatively verified. The surprising 
thing is that the actual times of contact are so 
short, being about 10~* sec. This time is about 
20 times as long, however, as the time of trans- 
mission of a pressure wave through a ball 
(comparable to the time for the transmission of 
sound through it) so that the time of contact is 
long compared with the period of elastic vibra- 
tion of a ball. No evidence of possible elastic 
vibration was obtained from the oscillograph. 

The author wishes to thank Mr. William Bush 
for his assistance in making some of the 
measurements. 


3 Hertz, ‘‘On the contact of elastic solids’’ (1881), from 
Miscellaneous papers (Macmillan, English tr., 1896), pp. 
146-162; Poynting and Thomson, A textbook of physics, 
properties of matter (Charles Griffin, ed. 3, 1905), chap. X. 


CIENCE alone can give us a true conception of ourselves and of our relation to the mys- 
teries of existence. Only the sincere man of science—and by this title we do not mean 
the mere calculator of disturbances, or analyzer of compounds, or labeler of specimens; but 
him who through lower truths seeks higher and eventually the highest—only the genuine 
man of science, we say, can truly know how utterly beyond not only human knowledge but 
human conception is the universal power of which nature, and life and thought are mani- 
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The 1941 Summer Engineering Defense Training Program of the 
Pennsylvania State College 


Marsh W. WHITE 
Pennsylvania State College, State College, Pennsylvania 


HE Pennsylvania State College during the 
summer of 1941 gave, as part of the Engi- 
neering Defense Training (EDT) program spon- 
sored by the United States Office of Education, 
a course in introductory engineering subjects for 
qualified high school graduates who were not 
planning to enter college in the fall. The course 
was administered by the Extension Services of 
the College. The initial enrolment was about 


3000 students, at 95 centers throughout Penn- 
sylvania. 


PROGRAM AND CURRICULUM 


The objective of this program was to provide 
high school graduates with introductory engi- 
neering training so that they would be better 
prepared to aid in American defense production. 
No college credit was granted for the work, 
although a certificate was given to those students 
who completed the courses satisfactorily. The 
program was designed to assist in fitting these 
students for: 


(1) Positions in industry and in many departments of 
the Federal Government which are urgently in need of 
large numbers of inspectors, designers, draftsmen and 
other technologists with semi-technical training; 

(2) Further advanced training in other EDT programs; 
the summer program qualified the student to continue his 
study in more specialized engineering, science and manage- 
ment courses, such as those now being offered in ESMDT 
evening programs;! 

(3) More rapid advancement after employment; for 
those going into industry following the summer work there 
was the probability of more useful service, rapid advance- 
ment and greater responsibility. 


All students took the same work, in subjects 
treated from an engineering standpoint. The 
course required 40 hrs per week in scheduled 
activities. During the first five weeks the stu- 
dent’s program was as follows: 


Chemistry, 5 hr/wk, 2 recitations and 1 3-hr laboratory 
period; 
Drafting, 5 hr/wk, 1 3-hr period and 1 2-hr period; 


‘IT. H. Solt, “Training of physicists for defense in- 
dustries,’”? Am. J. Phys. 9, 294-96 (1941). 


Physics, 8 hr/wk, 4 1-hr recitations and 2 2-hr laboratory 
periods; 

Mathematics, 10 hr/wk, 5 1-hr periods in algebra and 5 
1-hr periods in trigonometry; 

Orientation lecture, 1 hr/wk; 

Supervised study, 11 hr/wk. 


During the last five weeks, 8 hr/wk of applied mechanics 
was substituted for mathematics and 13 hr/wk was 
devoted to supervised study. 


It was expected that each student would do a 
considerable amount of studying outside of the 
scheduled 40 hours. This hope was realized in 
widely varying degrees, depending upon local and 
individual conditions. 

Students admitted to the program were high 
school graduates with a minimum of two years 
of mathematics, including algebra and some 
geometry, and one year of some science. Each 
student was recommended by his high school 
principal and was personally interviewed by a 
representative of the College. Many had had 
more than two years of high school mathematics 
and some had taken four years. A considerable 
number had taken high school physics, although 
little laboratory work involving student manipu- 
lation of apparatus was indicated. 

Standardized aptitude tests given to each 
student near the beginning of the course showed 
that the group selected was definitely superior 
in physics aptitudes to those regular college 
students for whom norms were available. 

Except for textual materials, all costs were 
borne by the Federal Government. The cost to 
each student was approximately $15, including 
text- and reference books, notebooks, a slide rule 
and a deposit for drawing instruments. 


ADMINISTRATION 


The Pennsylvania State College has long 
maintained large and well-organized extension 
services, whose experience and facilities enabled 
the College to undertake this large, widespread 
program quickly and efficiently. The several 
schools of the College have directors of extension 
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in their respective fields. A supervisor and 
several assistants are in charge of each subject- 
matter field. The central extension services main- 
tain district offices in ten important cities of the 
state. Each district representative is charged 
primarily with administrative and nonacademic 
matters; he surveys the industries of the state 
to ascertain the demand for extension services, 
familiarizes himself with local needs and reac- 
tions to these services, locates centers of in- 
struction, procures building space and secretarial 
help, and keeps the streams of equipment and 
supplies moving. At each local center of instruc- 
tion is an administrative head of the teaching 
group, who represents that group’s local, com- 
munity and College interests. 

In strictly academic matters, supervision comes 
from the subject matter departments of the 
College. Thus the physics supervisor represents 
and is responsible to the head of the physics 
department of the College; he is charged with 
maintenance of proper academic standards in 
such matters as content of courses, approval of 
teaching personnel, selection of textbooks, teach- 
ing aids, laboratory manuals, and so forth. 
Control in nonacademic matters comes from the 
officers of the extension division and is exercised 
in matters relating to the physical plant, finance, 
time schedules, procedure coordination, and so 
forth. 

In the summer program 84 of the centers were 
operated in high school buildings, city and. rural ; 
7 were located on college campuses; and 4 were 
at the regular junior college undergraduate 
centers permanently maintained by the College. 
The centers were opened on a staggered date 
program, beginning June 14 and continuing six 
days each week, the last center opening on June 23. 


APPARATUS AND SUPPLIES 


At most of the centers local facilities for 
laboratory work of collegiate grade were entirely 
inadequate. It soon became evident that con- 
siderable equipment would have to be supplied 
in order to make such laboratory work possible. 
Every prospective center was therefore inspected 
and the available physics apparatus inventoried 
by a representative of the physics department 
of the College to ascertain what additional 
equipment would be needed. 


During the session the department distributed 
on loan to the various centers much of its own 
equipment and ordered a great deal more. 
Unfortunately, many delays were encountered in 
the attempt to complete this ambitious project. 
The greatest handicaps that had to be overcome 
were the necessity of purchasing everything on 
bids and the fact that it was impossible for the 
instrument companies in so short a time to 
supply the large numbers of ‘specialized pieces of 
equipment needed. Apparatus purchased for this 
program remains the property of the Government 
and is stored at the College for use in future 
government-sponsored courses. 

Not until the program was well under way was 
a satisfactory adequacy of laboratory equipment 
achieved. In the meantime teachers did much 
improvising in the laboratory. A great deal of 
locally made and ingeniously assembled ten-cent 
store apparatus appeared in many centers. It is 
believed that reasonably satisfactory work of 
collegiate grade was done in spite of these 
difficulties. 


TEACHING PERSONNEL AND LOADS 


Teachers were selected on the basis of their 
formal records of training and experience, supple- 
mented in many cases by previous personal 
acquaintance with staff members at the College. 
In general, only experienced college physics 
teachers were employed. However, the faculty 
included some high school teachers of exceptional 
qualifications and a few graduate students.’ 
Little difficulty was experienced in securing 
properly qualified, enthusiastic teachers for the 
summer program. 

Each teacher was asked to spend one day in 
conference at the College before the opening of 
classes. This day was spent in orienting him to 
all aspects of the program. More than two 
weeks were used for the various groups in these 


2 The details of choosing, ordering, delivering and re- 
turning materials and supplies were handled by Dr. Henry 
W. Knerr and four assistants. 

3 There were 127 members of the teaching and super- 
visory staff in physics, recruited from 91 institutions in 
30 states. The teachers have taught an average of 11.3 yrs 
in college. About 64 percent have the doctorate, 29 percent 
the master’s and 7 percent the bachelor’s as their highest 
degree. Their average age was 36 yrs. The 105 college 
teachers had an average of 0.89 yrs of teaching experience 
at the high school level. 
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daily conferences. A model laboratory was 
arranged in the physics department and each 
teacher spent some time in examining the sug- 
gested set-ups. 

Classes varied in size initially from 10 to 25. 
When the enrolment at a center approached 25 
students, two classes were formed. Aithough 
most centers had only one class, there were a 
number with two and others up to eight. 

An average academic load for a physics teacher 
was 16 clock hours per week. In some cases this 
time was spent in teaching two physics classes, 
in others it involved one physics class and 
several periods of supervised study. Frequently 
physics teachers taught one course in physics 
and one in mathematics or applied mechanics. 


SUPERVISION OF TEACHERS 


Staff meetings for so large a group of teachers 
scattered in widely separated centers were im- 
possible. As a substitute, the state was divided 
into five districts and an assistant supervisor was 


Physics supervision, research, apparatus and lecture-demon- 
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assigned to visit the centers in each of these 
districts soon after the opening date and at 
frequent intervals throughout the program. The 
assistant supervisors were all experienced physi- 
cists and successful teachers. They were directly 
responsible to the supervisor of physics, whose 
headquarters were at the College. It is believed 
that the coordination which they achieved is a 
unique and significant contribution to the success 
of the whole program. 

The key supervisor planned and presided at 
the weekly conferences of the supervisory staff, 
held at the College. At these meetings the 
assistant supervisors acted as proxies for the 
teachers whom they had visited during the week 
in their capacity as representatives of the College. 
No effort was made specifically to define their 
duties, since the program was new and the 
problems that might arise could not be clearly 
foreseen. They were to maintain personal contact 
with the teachers on the job, to see that the best 
possible use was being made of all the existing 
facilities at each center, to assist in ar- 
ranging for equipment and supplies, and 
generally to coordinate the work. The ap- 
parent needs and resources of each center 
were carefully examined in the light of the 
supervisors’ common experience. Possible 
adaptations from among these resources 
were thus discovered, which facilitated the 
development of the laboratory work, es- 
pecially at some centers that began with 
limited equipment. One physics teacher in 
an isolated center found that curtain rods 
made worthy substitutes for more tradi- 
tional levers when delivery of promised 
equipment was unavoidably delayed. 
Another teacher used the spring from a 
window-shade roller to illustrate the laws 
of elasticity and of simple harmonic 
motion. Through the supervisory staff such 
ideas were reported within a week, with 


stration staff. Front row, left to right: Henry L. Yeagley, super- 
visor of lecture-demonstration tour; Paul M. Kendig, assistant 
supervisor; Fred Tracy, assistant lecturer; H. L. Van Velzer, 
lecturer; J. J. Gibbons, assistant supervisor; D. P. LeGalley, 
assistant supervisor ; Wayne Webb, assistant supervisor. Back row: 
Robert F. Paton, assistant supervisor; C. J. Lapp, supervisor of 
physics research; Helen Calkins, statistician for physics research; 
Henry W. Knerr, supervisor in charge of materials and supplies; 
Robert L. Weber, assistant supervisor; H. K. Schilling, lecturer; 


J. Lyle Redrup, assistant lecturer; Marsh W. White, physics 
supervisor. 


stimulating effect on any teacher in the 
state who had thought that to perform 
experiments he would be forced to wait for 
appropriate apparatus as illustrated in the 
manual. 

The ability of each supervisor to initiate 
the prompt functioning of each center was 
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The physics ‘‘autolab’—mobile demonstration unit. 


considerably increased after the first week-end 
staff meeting. Each of the workers at the central 
office as well as the supervisors who had been 
calling at centers all over the state had sugges- 
tions in answer to questions that arose. Routine 
procedures, essential in so large a program, were 
discussed and misunderstandings were clarified. 

A major assignment of the assistant super- 
visors was the actual observation of recitation 
and laboratory teaching. Thus good teaching was 
quickly recognized and a few cases of inept or 
indifferent teaching were rectified. The assistant 
supervisors were able to see needs and pass on 
suggestions that contributed definitely to the 
coordination of the program. Their itineraries 
were planned a week in advance, so that notices 
of the time of visits could be mailed from the 
supervisor’s office to each teacher and adminis- 
trative head. The teachers thus anticipated the 
visits and could present their ideas and questions 
more clearly and completely. A written report 
was made by the assistant supervisor after his 
visit to each center and copies were distributed 
to the physics supervisor, the district repre- 
sentative, the school director of extension and to 
a master file in the main offices at central exten- 
sion headquarters. Thus all concerned could 
follow the work of the teachers. 


TEACHING AIDS 


Suggestions and proposals that came up at 
the weekly meetings of the supervisory staff were 


organized and supplemented by the key super- 
visor, and were mimeographed and mailed weekly 
to each teacher. These weekly bulletins served 
admirably to provide uniform answers to such 
questions as when needed apparatus might be 
expected, what subject matter should be stressed 
or omitted, where and how to get help in case 
of emergency, how to utilize study periods, and 
what testing schedule was to be followed. The 
weekly news letter thus became an effective tool 
that did much to knit the centers together, to 
make each teacher realize that he was not iso- 
lated and alone, and to foster his interest and 
enthusiasm in the program as a whole. 

Considerable study has been given to visual 
aids in the EDT work. Eight motion picture 
films on topics in physics and chemistry were 
used and a staff of four operators was employed 
to commute among the centers on a pre-arranged 
schedule. Each teacher was given a description 
of the physics films in advance of their showings 
and mimeographed aids were distributed to each 
student so as to increase the effectiveness of the 
showing. 


MosBILeE LECTURE-DEMONSTRATION UNIT 


Equipment suitable for lecture demonstrations 
was virtually nonexistent in most of the centers. 
To overcome this difficulty, at least in part, it 
was decided to develop a mobile physics labora- 
tory that could be used by a traveling unit to 
give demonstration lectures. The design and 
completion of this project constituted one of the 
most spectacular and valuable contributions of 
the summer program. Started at an unfortu- 
nately late date in the session, it was rushed to 
completion and put on the road about two weeks 
after work was started. 

The lecture demonstrations were designed to 
be definite teaching aids to the portions of the 
course dealing with electricity and magnetism. 
The “‘autolab,” as it was popularly called, also 
proved to be a valuable publicity source. The 
unit was called ‘‘Electrons at work.” It was 
usually presented at two centers each day. In 
general, the students from several nearby centers 
met at a centrally located point for a lecture. 
The public was invited. There seems to be con- 
siderable evidence that such mobile lecture units 
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fill a real need and constitute a significant addi- 
tion to the teaching efforts of this type of ex- 
tension program. 

Both teachers and students were provided with 
a synopsis of the lecture and a description of 
the exhibits. The teachers were expected to 
discuss these with their classes before the lecture 
and again when the subjects came up in class. 
After the lecture the students were given an 
opportunity to examine and operate a number of 
exhibits of the museum or “push-button”’ type, 
many of which were quantitative. 

A special woodworking shop and a group of 
mechanics were obtained to make certain pieces 
of demonstration equipment not available from 
instrument companies or the College stock room. 
The uniquely designed boxes required to trans- 
port much fragile apparatus were a particular 
problem and their manufacture in a short time 
presented many difficulties. The unit was trans- 
ported in a two-ton truck. The unusual methods 
for rapid packing and transporting pieces of 
scientific equipment were partly adapted from 
some of those used in the Air Show of the 
Franklin Institute, whose services were gener- 
ously offered to the College in the creation of 
the ‘‘Penn State Mobile Demonstration Labo- 
ratory.’”4 


TEXTBOOKS 


A textbook’ and a laboratory manual® for the 
course were purchased by each student. These 
books were chosen to present the topics to be 
studied in concise form but with sufficient com- 
pleteness and rigor to be commensurate with the 
college quality of teaching expected in the 
program. In a course of this unique character it 
would naturally be impossible to use a printed 
textbook and manual immediately available in 
large numbers and at the same time ideally 
satisfactory to every teacher. The books used 
were selected after considerable study as being 


* Dr. Harold K. Schilling and Dr. H. L. Van Velzer were 
the lecturers on the tour; they were accompanied by three 
assistants. The arrangements for the tour and other ad- 
ministrative details were under the supervision of Dr. 
Henry L. Yeagley. 

5J. E. Hoyt, A concise physics for engineering students 
(Blakiston, 1940). 

5M. W. White, Experiments in essentials of engineering 
physics (McGraw-Hill, 1941), being sections reprinted 
from the same author’s Experimental college physics (1940). 
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the most satisfactory ones known to the super- 
visory staff. 

The fields of mechanics, fluids, heat, electricity 
and magnetism comprised the course of study, 
particular emphasis being placed on the first two. 
Daily assignments included from three to ten 
problems. Preparation of these assignments was 
made mostly during supervised study periods, 
a method that was found to be more productive 
than relying on any appreciable amount of 
home study. 

The laboratory manual contained the following 
selection from standard experiments in college 
physics: verniers and micrometers, vectors, 
torque, momentum and ballistics, simple har- 
monic motion, friction, simple machines, Young’s 
modulus and Hooke’s law, density and Archi- 
medes’ principle, Boyle’s and Charles’ laws, 
linear expansion, calorimetry, hygrometry, elec- 
trical instruments, cells and resistors in series and 
parallel, resistivity and the Wheatstone bridge, 


Some of the containers designed to facilitate safe trans- 


‘portation and quick packing of the demonstration and 


exhibit apparatus. 


heating effects of an electric current, voltmeter 
and ammeter multipliers, and electrolysis. Con- 
siderable variation was allowed and expected in 
the adaptation of the experiments suggested, due 
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to local conditions of instruction and equipment 
available. Each center was expected to perform 
the equivalent of at least 16 of the 19 experi- 
ments suggested. Experience with laboratory 
instruction in the present program suggests the 
advisability of including in the laboratory 
manual numerous alternative experiments involv- 
ing very simple and easily obtainable equipment. 

The detailed course outline, provided for each 
teacher and student, contributed in a large 
measure to coordinating the assignments and 
making them effective. The syllabus represented 
a careful selection of topics and a judicious 
attempt to fit the length of each assignment to 
the anticipated ability of the students to assimi- 
late it. Some teachers expressed dismay at the 
prospect of covering selected portions of four 
major fields of physics in ten weeks; but who 
has not met similar objections to the strenuous 
pace of any college physics course? 

The outline contained daily assignments de- 
voted to the chief topics as follows: mechanics, 
17; fluids and properties of matter, 5; heat, 5; 
electricity and magnetism, 8. Five periods were 
nominally assigned for review, tests and exami- 
nations. The outline encouraged coordination of 
classroom and laboratory work by including 
references to the parts of the laboratory manual 
that involved theory. 

A handbook’ and a slide rule were part of each 
student’s equipment. Each teacher was provided 
with a copy of Demonstration experiments in 
physics® and of Selective experiments in physics.® 
These, it was expected, would offer practical 
suggestions for lecture demonstrations and for 
alternative experiments. While these books were 
helpful, experience has shown that supplementary 
books based on even simpler equipment would be 
desirable. 

Instructors were requested near the end of the 
program to give detailed criticisms of the textual 
material used in the courses. Many of the 
criticisms canceled one another. Taken together, 
they seemed to reduce to the statement, made by 
some, that the teaching materials used were the 
best available. 


7 Hodgman, Handbook of chemistry and physics (Chemical 
Rubber Publishing Co., 1939). 


8 R. M. Sutton, ed. (McGraw-Hill, 1938). 
®A set of looseleaf sheets currently available in me- 
chanics and heat (Central Scientific Co., series b, 1941). 


A typical class in one of the centers visited by the 
mobile demonstration unit. 


RESEARCH AND TESTING PROGRAM 


Since this course probably involved the largest 
number of students ever enrolled in a single 
course in college physics and since satisfactory 
facilities were available, an opportunity for the 
study of physics teaching never before existent 
seemed to be presented. Consequently a research 
program! was designed and made an integral 
part of the teaching work. This program was 
facilitated by the availability and use twenty- 
four hours per day of several Hollerith com- 
puting machines. Many contributions are ex- 
pected from this phase of the summer’s work, 
including certain evaluations of teacher ability, 
better information with regard to the qualifica- 
tions of a good physics teacher and extensive 
data that will furnish the basis for further 
studies. 

The Iowa physics aptitude test, Form M, and 
the national Cooperative physics test for college 
students, Mechanics 1936 A, were given to each 
student near the beginning of the course. The 
former test purports to measure the student's 
aptitude for physics, particularly his ability to 
handle algebraic symbols, to formulate a sym- 
bolic statement from problems stated in words 
and to read and reason about the facts therein, 
and his interest in physics. The latter test 
measured the student’s knowledge of mechanics 
prior to beginning the study of that subject. 

As a part of the general EDT testing program 
at the College centers and not connected with 

10 Directed by Dr. C. J. Lapp, State University of Iowa: 
assisted by Dr. Helen Calkins, head of the mathematics 
department, Pennsylvania College for Women, as statis- 


tician, and a group of clerical and statistical workers from 
the local EDT research organization. 
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the physics research, all students were required 
to take the following tests: Strong, Vocational 
interest; Moore, Arithmetical skills; Otis, Self- 
administering test of mental ability; Minnesota 
vocational test for clerical workers; Minnesota 
paper form board; Bennett, Mechanical compre- 
hension. The scores on all of these tests are 
available and. will be used in evaluating the 
experimental procedures used in the physics 
teaching program. 

Two special technics were used in the research 
program. Half of the teachers, selected by chance, 
employed these two methods; the other half 
served as a control group and taught only in the 
conventional manner. 

The first special method was that of systematic 
review. The object of the whole teaching project 
is “‘to get as much useful and usable physics 
actually into the students as possible.” It is 
known that consecutive lessons ‘‘go into the 
students in layers.’’ These layers must be ‘‘turned 
on edge” so as to make all of the material 
available. Two review devices were suggested 
for use by the teachers in the research group: 

(1) A summary of the minimum essentials for 
each lesson, which was handed to the student 
after the teacher had taught the lesson in his 
own way; and 

(2) A cumulative review sheet, mimeographed 
on the bottom half of the summary sheet. The 
student was instructed to spend not more than 
10 min a day on this review. It consisted of 
questions and problems intended to keep the 
learned material available and usable. These 
materials were furnished from the physics office 
for each lesson and each student. 

The second special technic involved the physical 
solution of problems. It is desired in physics to 
teach the student to. think clearly. The most 
effective way to do so is to exercise him in 
thinking. The physical solution of a problem 
teaches a systematic attack which is akin to 
the scientific method. An outline of the method 
was given to each student after the teacher had 
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explained its meaning. This part of the program 
was most exacting. It demanded: 

(1) That every student solve and hand in a 
minimum of three problems with each lesson; 
the teacher selected these problems and could 
require as many more as he chose; 

(2) That all problems solved or demonstrated 
by students or teacher be attacked by - 
physical method. 

Experiments along this line have already been 
conducted and the method is known to produce 
favorable results." It appears to be time-con- 
suming at first, but as soon as the students be- 
come accustomed to it they actually solve 
problems faster and achieve more. 

To evaluate the results of these special 
methods, two examinations of 60 min each were 
required of all students. The first of these was a 
problem examination consisting of three parts, 
two of which dealt with critical analysis. The 
second was the national Cooperative Physics Test 
for College Students, Mechanics 1936 B, which 
served as a post-test and measure of achievement 
in this field. 

From the pre-testing program 11 measures of 
the student’s ability were available. It is planned 
to use the results of the mechanics post-tests to 
compute a regression equation for the pre-test 
measures. The weighting so obtained will be 
used to determine a coefficient that predicts each 
student’s performance. The differences between 
the predicted and the actual performances on 
the mechanics post-test will then be studied for 
both the research and the control groups. The 
results of these studies will be announced later. 

The success of the program as a whole can 
only be measured by its long-range results. 
However, gratifying reports of the benefits ob- 
tained are already being received from industries, 
community leaders, faculty and students. 

This report has been prepared with the collabo- 


ration of various members of the physics super- 
visory staff. 


11 See, for example, C. J. Lapp, Am. J. Phys. 8, 241 


(1940); 9, 239 (1941); H. K. Schilling, ase J Phys. 8, 
68 (1940). 


Consistency in regard to opinions is the slow poison of the intellectual life, 
the destroyer of its vividness and its energy.—S1r HuMPHRY Davy 





Secondary School Physics in Arizona 


E. H. WARNER 
University of Arizona, Tucson, Arizona 


EVERAL years ago the United States Com- 
missioner of Education published data which 
gave the extent of the high school instruction in 
natural sciences in 1934 and the changes that had 
occurred in this instruction during a six-year 
interval. The results are summarized in Table I 
and in the upper part of Table II. 

The poor showing made by physics makes one 
question the nature of high school physics 
instruction. In order to study the extent and 
nature of this instruction during the school year 
1940-41 in the state of Arizona, a questionary? 
was sent to every high school physics instructor 
in the state. Every high school replied. The data 
and conclusions of this paper were obtained from 
these answers. 

The result of the extent of the instruction in 
physics is shown in Table II. The percentage of 
enrolled students who elected physics varied 
with the size of the school, as shown in Fig. 1. 
The fact that physics is offered in only about 60 
percent of the Arizona high schools and elected 
by less than 5 percent of the students forces one 
to conclude that the position of the science is not 
at all satisfactory. It may be in final decline. The 
opinions of the teachers themselves should be 


TABLE I. Continental United States. 








1934 1928 to 1934 





SCHOOLS STUDENTS 


Q% OFFERING % TAKING 
193 1934 


ENROLMENT % OF SCIENCE % OFFERING % TAKING 
SUBJECT (PERCENT) ENROLMENT 1928 1928 
Gen. Sci. a 38 ; 0.86 
Biology 13 33 ; 0.89 
Chemistry 6 15 . 0.90 
Physics 5 13 j 0.76 








1 From data supplied by C. A. Jensen and L. V. Herlihy, 
Sch. Life 22, 314 (1937). This article is briefly reviewed in 
Am. J. Phys. (Am. Phys. T.) 6, 53 (1938). See also Foun- 
tain, ‘“‘Physics for the masses,’’ Am. J. Phys. 8, 135 (1940). 
For similar study for one county in Pennsylvania, see 
Trytten, Am. J. Phys. 8, 54 (1940); also, for a sampling 
of schools in Pennsylvania, Trytten and Leach, Am. J. 
Phys. 9, 96 (1941). ; 

? Similar to the one used by Trytten, reference 1. 


considered. In answering the question whether 
physics is on the increase or decrease in their 
schools, the instructors reported: stationary, 44 
percent; increasing, 44 percent; decreasing, 12 
percent. Most of the teachers who reported 
increased interest in physics commented that 
such interest was very slight. So the teachers 
themselves seem to think that physics is doing 
just a little better than holding its own. 

In order to obtain information that might help 
to explain this condition, the questionary asked 
for data on four items: teaching load; training in 
physics possessed by the teacher; value of physics 
equipment; annual appropriation for physics. 


TEACHING LOAD 


The questionary showed that 61 percent of the 
physics instructors teach 5 periods per day; 19 
percent teach 6 periods per day; 5 percent teach 
7 periods per day; only 15 percent teach less than 
5 periods per day. These programs are exclusive 
of study hall supervision. 

A load of 5 periods per day, plus study hall in 
many cases, plus paper-grading, extracurricular 
work, and so forth, simply does not leave time to 
prepare and set up apparatus for lecture-table 
demonstrations and laboratory work. It is almost 
certain that physics classes taught by teachers 
with these loads will not stimulate student 
interest or attract larger enrolments. The physics 
teachers are overloaded. This fact alone is an 
important cause of the present standing of 
physics in Arizona high schools. 


COLLEGE TRAINING 


The college training in physics possessed by 
Arizona high school physics teachers is shown in 


TABLE II. Continental United States and Arizona. 


SCHOOLS 

OFFERING STUDENTS IN 

PHysIcs PHYSICS 
ScHoots StupENtsS No. % No. 5 


1934 Cont.U.S. 17,897 
Arizona 55 


5,402,305 
15,501 28 «5 


1940 = Arizona 59 19,509 33 56 


8466 47 282,820 5.2 
1 666 4.3 


867 4.4 
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Fig. 2. It will be noted that the teachers in the 
larger schools have had considerably more college 


training in the science than teachers in the 
smaller high schools. 


Ten percent of the physics teachers in the 
state have sufficient credit for a college major in 
physics, and 22 percent have sufficient credit for 
a minor. Seventeen percent have 8 hours or less 
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of college physics to their credit; that is, they 
have completed, or partially completed, only the 
introductory course in college physics. Sixty-eight 
percent have not had college physics courses 
sufficient for a minor in the field. The average 
college training in physics for the whole state is 
17 hours. 

The spirit of physics and the enthusiasm for 
physics possessed by workers in this field are 
usually acquired only by students who have 
majored or at least minored in physics in college. 


VALUE OF PHysIcs EQUIPMENT 


The value of equipment in physics is shown in 
Fig. 3. The average is $680, an exceedingly low 
figure. A large amount of apparatus is necessary 
in physics, much more than in other sciences. 
Physics taught without adequate equipment for 
laboratory and demonstration is _ necessarily 
weak. Physics requires considerable visualization, 
an ability which seems inadequately developed in 
young people. Student use of appropriate appa- 
ratus would improve this condition. Courses 
taught with insufficient equipment become 
unintelligible and hopelessly confusing. 

The limited amount of money invested in 
physics equipment is, without a doubt, an im- 
portant factor in explaining why physics is not 
attracting more students in our high schools. 


ANNUAL APPROPRIATIONS FOR PHYSICS 


The annual appropriation for physics as dis- 
tributed between the schools is shown in Fig. 4. 
The average for the state is $80 per year per 
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Fic. 4. Annual 
appropriations. 
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school. Since the average life of apparatus in our 
field is about ten years, a school should be 
spending about 10 percent of the value of equip- 
ment on maintenance and replacements. An 
additional 10 to 20 percent should be spent yearly 
for improvement and modernization. Thus each 
school should have an annual budget of from 20 
to 30 percent of the equipment value. This would 
mean for the average Arizona high school an 
annual appropriation of $175. 

Arizona high school physics teachers are 
working under a tremendous handicap when 
forced to carry on with an average annual 
appropriation of $80. 


GENERAL DISCUSSION 


It is possible that the deplorable state of 
physics in the schools is due to factors entirely 
separate from the training and enthusiasm of the 
high school physics teachers. The condition may 
be largely caused by the unpopularity of physics 
with administrators, who generally are well 
trained in professional education and adminis- 
tration but have little training in the sciences. 
With this background they are unable to ap- 
preciate the educational value of a thorough 
course in physics. 

There is a tendency in Arizona high schools 
which do not offer physics to present certain 
skimmed-milk courses, appealing to popular 
interest only, such as photography, descriptive 
physics, industrial science, and general science 
survey. The trend in high school education seems 
to be that only pre-engineers and those planning 
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a lifework in science should take physics. All 
others should elect almost anything else. 

If this be the case, all of us who are interested 
in physics should know about it, and we should 
institute a program aimed at showing school 
administrators, teachers and students that 
physics has cultural value; that it furnishes the 
opportunity to think accurately and compre- 
hensively; that it is a first-class subject for 
developing one’s power of observation; that 
without this science a student can only inade- 
quately comprehend the modern scientific world- 
picture; that even a slight knowledge of physics 


can help one in his everyday work and that such 
knowledge will give him more enjoyment in life 
by enabling him to understand the ever present 
applications of physics; that no other science 
course will enable one to appreciate and to apply 
the modern scientific method better than a 
course in physics. 

Unless college science teachers who know the 
value of physics in our educational scheme can 
convince our high school communities that these 
ideas are true, we may in the near future find 
that physics in the schools has dwindled to a 
point where its offering is economically unwise. 


Teaching Physics by the Conference Method 


R. R. Hancox 
Wilson Junior College, Chicago, Illinois* 


OR the past several years attempts have been 
made at Olivet College to teach elementary 
physics by the conference method rather than 
the more usual lecture-recitation method. Dif- 
ferent plans have been tried, in which the time 
devoted to different parts of the work has been 
varied. 

Olivet is a small denominational college with 
an enrolment of about 300 students. Physics is 
not a required subject and this circumstance may 
have resulted in a somewhat select group. How- 
ever, as far as can be determined from psycho- 
logical and other tests, the students taking 
physics were of average ability. The majority 
were premedical students or majors in biology, 
chemistry or physics. The number of students in 
the first year of physics ranged from 15 to 25. 

Several experimental plans were tried before 
a satisfactory one was found. In one plan the 
class was divided into sections of five or six 
students each. These sections met once each 
week for conference. In addition, there were two 
3-hour laboratory periods for each student, one 


of which was used principally for demonstration 


experiments. Whenever possible and practicable 
the students were allowed to set up and demon- 
strate the experiments, and to lead the discussion 
which arose from the demonstration. In the other 


* Formerly at Olivet College, Olivet, Michigan. 


laboratory period the experiments were of the 
usual type. 

In another plan each conference section met 
twice each week with only one 3-hour laboratory 


period. In this plan demonstrations were made 
during the conference periods. Other plans tried 
included combinations of the lecture and con- 
ference methods. 

The following plan is the one that finally 
proved to be the most satisfactory. The entire 
class met twice each week. The first meeting was 
devoted to demonstrations and to such material 
as could not readily be obtained from textbooks. 
The second was used almost entirely for problem 
work, with emphasis particularly on the physical 
solution. In addition, the class was divided into 
conference sections of about six students each 
and each group met once each week. There was 
also one 3-hr laboratory period. Many experi- 
ments were listed and students were allowed 
to choose a certain number from the list. No 
single laboratory manual was employed; instead, 
several manuals were made available and 
students were asked to outline their experiments 
before coming to the laboratory and to have 
their proposed methods checked by an instructor 
before beginning work. No single textbook was 
adopted for the class as a whole. Instead, copies 
of eight different textbooks were placed on 
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TABLE I. Total scores of 27 students. 
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* Had high school physics. 


reserve and the students were asked to read from 
more than one book. Actually, only a few 
students followed these directions. Many, after 
a preliminary investigation of several books, 
chose one which they used almost entirely from 
then on. However, even for those students who 
studied from one book only, it is believed some 
benefit may have resulted from this method, 
since no single textbook seemed to predominate 
markedly in the selections of the students. In 
the conference groups different approaches and 
points of view were repeatedly brought out. 

Students were asked to come to the conference 
prepared to discuss the topic under study at the 
time. These discussions were sometimes written, 
sometimes oral. After a report was given the 
other students asked questions and made criti- 
cisms. There was thus an excellent opportunity 
to clear up points of uncertainty and for the 
instructor to get a clear idea of each student’s 
progress. A comprehensive examination was 
given over the work of the entire year. 

During the first weeks of the year some time 
was usually lost before the students felt free to 
discuss and criticize reports given by others in 
the group. However, as emphasis was placed on 
the fact that the conferences were the best 
opportunities for each student to prepare himself 
for the final comprehensive examination and as 
the members of the group became acquainted 
with one another and the instructor, this 
restraint was broken down and then real progress 
was made. The whole plan aimed at establishing 
in the student’s mind the idea that responsibility 
for his progress rested with him and not with 
the instructor. 

It is evident that this plan could not be used 
with a large class. With the small groups at 
Olivet it proved quite satisfactory. Students 
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enjoyed the opportunity for small group dis- 
cussions. 

The Coéperative Physics Tests were given as 
pre-tests and again as post-tests upon the com- 
pletion of each branch of the general course. 
Over a two-year period complete records were 
obtained for 27 students. This number is too 
small to make the results very significant; 
however, they are summarized in Table I. 
Students who had high school physics did not 
show any superiority on post-test scores; in fact, 
more than half of them ranked below the median. 
The correlation coefficient between pre-test and 
post-test scores is 0.75, and between pre-test 
scores and post-test gains is 0.54. 1.Q. scores are 
available for 21 students. There appears to be a 
high correlation between these scores and the 
gains made, but a considerably lower correlation 
between I.Q. scores and either pre-test or post- 
test scores. It is believed that the gains made by 
this method are somewhat higher than had been 
found by the author using other methods of 
instruction. 


ADVANCED WorRK 


In the advanced courses in physics the work 
was done almost entirely individually. Each 
student’s course of study leading to graduation 
was tentatively outlined in the light of his 
interests and needs. Each unit of study was con- 
tinued until the student had covered satisfac- 
torily at least a minimum of work. Although the 
requirements were varied according to the 
students’ ability, more being demanded of a 
good student, in no case was the requirement 
made less than the amount that the instructor 
considered to be adequate for a good grade of 
college work. 

Each major student was required to pass a 
final comprehensive examination over all work 
taken after the first year which related directly 
to the major. This always included mathematics 
and sometimes chemistry as well as his work in 
physics. The final examination required approx- 
imately 27 hr, being divided into 9 parts of 3 hr 
each. Admission to it required the recommenda- 
tion of the student’s adviser and final authoriza- 
tion by an academic committee. The student was 
recommended only after the completion of a 
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EXPERIMENTS ON RADIOACTIVE RECOIL 


certain minimum amount of work, which again 
was varied according to the ability of the student. 
Students were discouraged from attempting to 
finish in less than four years and only rarely 
allowed to do so, in the belief that a valuable 
part of college experience would be missed by 
too rapid coverage. It was thought better policy 
in most cases to require more work of the 
superior student than to encourage graduation 
at an early date. 

A record of the material covered satisfactorily 
was kept but was not measured in terms of hours 
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of credit, although for purposes of transfer, the 
conversion could readily be made. This was done 
to relieve the student’s mind of the idea that his 
graduation was conditioned upon the accumula- 
tion of a certain number of credit-hours. The 
emphasis was put, instead, on the amount of 
material on which both the student and the 
instructor felt he was prepared to write a final 
examination. It is the author’s belief that this 
resulted in a better attitude on the part of the 
student toward his work and to a more com- 
prehensive view of the field of physics as a whole. 


Laboratory Experiments on Radioactive Recoil 


SANBORN C. BROWN 
Massachusetts Institute of Technology, Cambridge, Massachusetts 


HE separation of isotopes by radioactive 
recoil can be made the basis of a number 
of laboratory experiments. Students in a course 
in experimental nuclear physics given at the 
Massachusetts Institute of Technology seem to 
find experiments of this kind interesting and 
instructive enough to warrant publication of a 
description of the methods and apparatus used. 
As is well known, when a radioactive body 
decays with the emission of an a-particle or a 
8-ray, the emitted particle travels in one direc- 
tion, and to conserve momentum, the resulting 
nucleus must travel in the opposite direction. 
When this process happens to take place near 
the surface of a radioactive source, and if it is 
in a vacuum so that the mean free path is fairly 
long, one may collect the recoiling atoms on a 
plate placed near the source. This therefore 
provides a nice method for separating a daughter 
substance from its parent. 

Figure 1 is a general view of the apparatus. A 
bell jar fitted with a ground joint is waxed onto 
a brass plate into which are built a Geiger-Miiller 
counter and a copper tube through which a 
source may be introduced. The ground joint 
makes it possible to turn the two brass disks 


which act as recoil collectors, so that one par- - 


ticular collector can be placed first over the 
source and then over the counter. The end of the 
Geiger-Miiller counter, which fits through the 
brass plate, is open, with the center wire sup- 
ported by a glass cross fitted over the edge of 


the plate. A lead block between the source and 
the counter is essential if the experiment is to be 
carried out with thorium recoils, because of the 
strong y-ray from the ThC”. It is not necessary 
if actinium is used. The inside of the bell jar 
must be coated with a conducting paint and kept 
at a potential of about 1500 v above ground 
throughout the experiment, otherwise ions 
drifting into the counter will cause a background 
of several thousand counts per minute. 

Before the experiment can be started, the 
ThB and AcB sources must be made. This can 
be done by suspending the source plate in a 
closed vessel in which a source emanating thoron 
or actinon is also placed. For the emanation 
sources used in this laboratory, a negative poten- 
tial of 1000 v is placed on the suspended source 
plate, the vessel acting as the other electrode, 
and the vessel is evacuated to a pressure of 6 
cm-of-mercury. . 

In performing the experiment, the student 
removes the source plate from the thoron or 
actinon gas atmosphere in which it has been 
collecting ThB or AcB, as the case may be, for a 
sufficiently long time to have attained maximum 
activity. He waxes the source plate into the tube 
which is built to receive it. One of the recoil 
collectors should always be kept over the source 
so that the bell jar does not become contami- 
nated with recoil atoms. The bell jar is now 
pumped down with a Cenco ‘“‘Hyvac’”’ pump, and 
the system is checked to make sure it does not 
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Fic. 1. General view of the apparatus. 


leak. Then, with the apparatus still pumping, the 
collector which has been over the counter is 
moved into position to collect recoils over the 
source plate and is left there for 10 min. During 
this period of collection, the ion-clearing field 
should be turned on. At the end of 10 min, the 
bell jar is filled to a pressure of 6 cm-of-mercury 
with dry air and the recoil collector is swung 
into position over the counter and its activity 
followed for an hour. The first 20 min will be 
sufficient to determine the decay of the recoil 
atoms of the C” bodies and the last 20 min 
will give a background reading which must be 
subtracted from the observed activities before 
the data can be used for the determination of the 
half-life. It has been found in the author’s 
laboratory that the experiment can be performed 
about twice in the course of a 3-hr laboratory 
period and that the averaged results agree with 
published half-lives within the experimental 
error. To repeat the experiment, the collector 
plate should be turned back to its position over 


the source for another 10-min period after the 
bell jar has been pumped down. 

The most accurate data are taken when the 
counting rate is high in the first few minutes 
after the collection has stopped. So that the 
student does not waste time at this point of the 
experiment, in getting the gas pressure in the 
counter just right and adjusting the voltage of 
the amplifier, it has been found convenient to 
arrange a gas reservoir between the bell jar and 
the pump. After the bell jar has been pumped 
down, the stopcock is closed, and during the 
10-min recoil collection time, the student adjusts 
the pressure of air in the reservoir to a previously 
determined value such that, when the stopcock 
is opened, the whole apparatus will come to a 
pressure of 6 cm-of-mercury. The voltage on the 
counter should be left so that this pressure will 
bring the counter onto its plateau. Then all the 
student has to do, between the time the recoil 
collection stops and the time when he is ready 
to take the data, is to open the stopcock between 
the bell jar and the reservoir and swing the col- 
lector plate from the source to the counter. 

If the foregoing procedure is followed, the 
student will obtain either the 3-min ThC” or 
the 4.5-min AcC”, depending on the source 
used, separated from all other members of the 
series, since these are in each case the last radio- 
active members of the series. Both of these sub- 
stances have such short half-lives that they offer 
an extremely useful exercise in statistics. Rapidly 
decaying substances are not described by the 
Poisson law, and these particular substances 
provide a very good problem in the use of Peierls 
statistics for rapidly decaying sources. 

If more than 3 hr are available for carrying 
out the experiment, further interesting data can 
be obtained. For example, if recoils are collected 
for 3 hr instead of 10 min, 6-ray recoils of the 
60-min ThC will also be collected, so that the 
activity of the plate will first decay with the 
combination of the 3-min ThC” and the 60-min 
ThC. After the former has completely decayed, 
the student will find that he can measure the 
ThC body by itself. Since the ThB on the brass 
source plate emits a very strong y-ray, the decay 
of the 10.4-hr ThB body can be measured by 
leaving an inactive recoil collector over the 
counter and removing the lead block from time 
to time in order to measure the y-ray activity. 
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Laboratory Experiments with Acoustic Resonators 


PauL L. CoPpELAND 
Illinois Institute of Technology, Chicago, Illinois 


ROBLEMS concerning the vibration of 

simple systems and the normal modes of 
vibration for coupled oscillators are of interest 
because of their applications in many fields of 
physics. The principles underlying such problems 
may be studied experimentally in the acoustic 
case without great difficulty. Such experiments 
can be made suitable for students in the general 
physics laboratory. A need for additional sound 
experiments to supplement those ordinarily 
covered in the general laboratory has long been 
felt, and in this paper several experiments with 
acoustic oscillators will be discussed. One of the 
merits of this type of work is the wide variety of 
material, both experimental and _ theoretical, 
which is available for study. 


Simple acoustic resonators 


A Helmholtz resonator, suitable for experi- 
mental work, may be made by taking two lengths 
of cylindrical metal tubing of different diameters 
and connecting them by means of a flange, as 
shown in Fig. 1. The volume of air, V, enclosed 
in the large tube, may be varied by raising or 
lowering the water level w. If a tuning fork is 
held at the opening O of the small tube, the 
column of air in it may be set into vibration and 
if the length / of the small tube is small compared 
with the wave-length of the sound from the fork, 
the air in the smaller tube may be thought of as 
moving up and down bodily, much as would a 
solid piston. The displacement of the air in the 
larger tube will be much less, because of its 
larger cross-sectional area; but, because the tube 
is closed at the bottom by means of the “‘water 
piston,” any air that is forced into the large tube 
would raise the pressure in it. These facts suggest 
that the chief effect of the air in the small tube 
arises from its inertia, and that the chief effect 
of the air in the large cylinder is the production 
of a restoring force when the air in the smaller 
tube is displaced in either direction from its 
equilibrium position. It is customary to consider 
the inertia of the gas in the small tube, but not 
its compressibility, and to consider the com- 


pressibility of the gas in the large tube, but not 
its inertia; then the problem of computing the 
natural frequency of the system is a relatively 
simple one, and the result of the calculation is 
sufficiently exact in most cases for comparison 
with experimental results. 

According to the simplifying assumptions just 
suggested, the mass of the oscillating column 
will be 


m = wpod?[1-+0.72d 1/4, (1) 
where po is the density of the air, d is the diameter 


of the small tube, / its length, and the term 0.72 d 
is inserted to take care of end corrections! due to 


one end with a flange and one without. The 


restoring force constant is given by 


k= yp(nd*)?/16V, (2) 


where y¥ is the ratio of the specific heat of air at 
constant pressure to that at constant volume, 
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Fic. 1. Experimental Helmholtz resonator. 


1P. M. Morse, 


Vibration and sound (McGraw-Hill, 
1936), p. 200. 


375 





PAUL L. 


a od | 
OMIA MANTA 


MASS SPRING ! SPRING MASS 


Fic. 2. Helmholtz resonator with two vibrating air 
columns. 


and pis the pressure. Thus the natural frequency 


fo is 


1sk\} dc 
f=-—(—) =—[4eV(I+0.72d) }', 
2r\m 2 


(3) 
where c represents (yp/po)?, the speed of sound 
in air.” 

With a Helmholtz resonator such as that 
shown in Fig. 1 and several tuning forks covering 
a wide range of frequencies, resonance may be 
established for each fork and the corresponding 
dimensions entering Eq. (3) may be recorded. 
The tuning is found to be quite sharp, and com- 
parison of the accepted frequencies of the forks 
with those computed from Eq. (3) shows a 
satisfactory agreement. 

Basically the same experiment can be per- 
formed with the apparatus shown in Fig. 2. 
Here two similar oscillating masses are connected 
to the same large volume of air. The mechanical 
analog of this system is shown in the lower part 
of Fig. 2. The two large tubes are cut from 
telescoping tubing, and hence the volume of the 
air providing the stiffness can be varied by sliding 
one tube into the other. According to the simple 
treatment, in which the inertia of the air in the 
large tube is neglected, a system of this sort can 
vibrate in only one way. The masses at the 
opposite ends have to be displaced simultaneously 
in opposite directions. For the purposes of our 
approximate treatment we may visualize a node 
at the middle of this symmetrical system. Hence 
the frequency can be computed from Eq. (3) by 
using either one of the masses and a restoring 

2 The theory of the Helmholtz resonator is discussed 
more fully in books on acoustics; for example, Rayleigh, 


Sound (ed. 2), vol. 2, p. 172, and Morse, reference 1, p. 
201-202. 
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force constant based on half the total volume 
within the telescoping tubes. Such a resonator is 
found to have a fairly broad response, but the 
frequency as computed from the dimensions of 
the oscillator, when set for maximum response, 
agrees with the frequency of the fork used to 
within the limits of the accuracy with which the 
setting can be made. 


If a single pair of telescoping tubes is used for the 
chamber, the resonator has a very restricted frequency 
range. This range might be extended, either by using 
interchangeable small tubes of varying length to change 
the mass, or by using three or more sizes of tubing each 
of which telescopes into the one just larger for making the 
main chamber. The idea of using interchangeable small 
tubes, all of the same cross section but varying in length, 
also provides the possibility of making an unsymmetrical 
oscillating system and investigating its properties. The 
theory of such an arrangement is a rather simple extension 
of that just given. 


Coupled acoustic oscillators 


A system consisting of several similar acoustic 
oscillators connected to one another is very 
interesting. For the purpose of studying the 
properties of such systems, the apparatus shown 
in Fig. 3 has been designed and constructed. The 
oscillator shown at the left in Fig. 3, when used 
alone, resonates at a fixed frequency. However, 
any desired number of the similar units pictured 
in Fig. 3 may be connected together by means 
of tight fitting joints and used as an oscillating 
system. 

For the purpose of locating the frequencies 
resulting in maximum response of such systems, 
a calibrated source of continuously variable 
audiofrequencies of constant loudness would be 
desirable. A source which has been found satis- 
factory for this purpose is based upon the beat 
frequency oscillator described by Harnwell and 
Van Voorhis.* The output from this oscillator is 
amplified in an auxiliary unit and is then used 
to drive a crystal loudspeaker. This source, 
while not giving a note of exactly constant loud- 
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Fic. 3. Apparatus for study of coupled oscillators. 


3G. P. Harnwell and S. N. Van Voorhis, Rev. Sci. Inst. 
6, 194 (1935). 
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EXPERIMENTS WITH ACOUSTIC RESONATORS 


ness when the frequency is varied by a simple 
condenser adjustment, has no sharp resonances 
in either the electrical or the mechanical system, 
and it has proved to be sufficiently uniform for 
the purposes of this experiment. In practice the 
speaker is placed in a wooden box lined with 
material having a high acoustic absorption. In 
this box a hole is cut for the insertion of one end 
of the acoustic resonators, and as the frequency 
is changed, the variation in loudness of the sound 
transmitted to the room reveals the position of 
the resonance peaks for the system under inves- 
tigation. With oscillators such as those shown 
in Fig. 3, it is observed that there are as many 
different resonance frequencies as there are units 
in the system, and these frequencies, of course, cor- 
respond to the simple harmonic or normal modes 
of vibration for the system of coupled oscillators. 
The location of these frequencies from theo- 
retical considerations involves the solution of 
simultaneous equations. As an illustration of the 
procedure, consider the system formed by the 
addition of a single unit to that shown at the 
left in Fig. 3. This system and its mechanical 
analog are shown in Fig. 4. Here the three oscil- 
lating masses are equal and the two coupling 
stiffnesses are also equal. To simplify the result- 
ing equations, let us agree to start with the 
system in equilibrium and to measure the dis- 
placement of each mass from its equilibrium 
position. Thus the displacement of m, from its 
equilibrium position is denoted by x, that of 
mz by xe, and that of m3 by x3. Then, if the 
restoring force constant for each compression 
chamber as a whole is denoted by k, the equations 
describing the motion of the system are 


m,a,;=k(—x1+x2), 
m303=k(—x3+%x2), 
Mod. = k( —2x2+%1+%3), 


where a,, a2 and a3 are the accelerations of the 
respective masses. Now, for isochronism of the 


resulting simple harmonic vibrations, we must 
have 


(4) 


Q1/X1=2/x2=a3/X3. 


Noticing that m;=m:=™ms3, and combining Eqs. 
(4) and (5), we obtain 


X2 x1 X3 X2 
—14+—=-24—4—=-14-. 


x1 X2 Xe X3 


(6) 


(5) - 
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Fic. 4. Pair of coupled oscillators. The dotted lines indicate 
possible nodal planes. 


This set of equations may be satisfied by making 
x2=0 and x;= —<xs3, in which case the frequency 
fiis given by 


fi=(k/m)*/2n=fo/2', 


where fo is the frequency indicated in Eq. (3). 
The equations may also be satisfied by making 
x1 =x3 and 2x;= — x», in which case the frequency 
fe is given by 


f2= (3k/m)*/2m = (3) *fo. 


The physical interpretation of the first solution 
is a mode of vibration in which the central mass 
remains at rest and the outer masses make simul- 
taneous equal and opposite excursions from their 
equilibrium positions. The node in this case is 
suggested in Fig. 4 by the dotted line marked /. 
In the second case, the motion is more com- 
plicated. The displacement of the two end- 
masses is in the same direction, while the central 
mass moves twice as far in the opposite direction. 
Thus, as a first approximation to the facts, we 
might visualize nodes located at two-thirds of 
the distance from the central mass to the outside 
masses; these positions are shown in Fig. 4 by 
the dotted lines marked 2. 

When one section after another is added to the 
oscillating system, the resulting normal modes of 
vibration and the corresponding frequencies may 
be found from the same physical principles. The 
results of such calculations together with ob- 
served frequencies of maximum response are 
shown in Table I. 

The predictions of the foregoing simplified 
treatment may be verified in some detail by 
using the apparatus previously described. In the 
first place, each time a section is added to the 
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TABLE I. Frequencies (cycle/sec) corresponding to the 
normal modes of vibration. 








Two THREE Four 
SINGLE-SECTION SECTIONS SECTIONS SECTIONS 
RESONATOR Oss. CALc. Oss. CALc. Oss. CALc. 


Observed and used 
for fo in calcu- 
lated frequencies 360 366 


590 593 665 697 
840 
1035 1030 945 962 


1130 





system, an additional normal mode of vibration 
is shown in the response of the system. Further- 
more, all of these frequencies, as shown in 
Table I, correspond to those calculated. The 
data shown here are representative of those 
generally obtained with the apparatus described, 
and any differences appearing might arise from 
experimental error. 


Low pass filter 


The experiment just outlined suggests how a 
low pass filter is built from coupled acoustic 
resonators. As the number of resonator units is 
increased, the individual resonance frequencies 
fall nearer one another, and the highest frequency 
rises more slowly than the lowest frequency falls. 
For five units, going beyond the range of Table I, 
the five resonance points were easily distinguish- 
able. For six units, the frequencies were less 
distinct. When the number of units is made 
large, the individual resonance frequencies 
cannot be separated. In this case all the fre- 
quencies below a critical value are reduced in 
intensity or ‘“‘attenuated.’”’ The “critical fre- 
quency,” used in this connection, is that of the 
highest normal mode. For an infinite line of 
resonator sections, this is one in which alternate 
masses are displaced equal amounts in opposite 
directions, and for this mode of vibration, the 
center of each compression chamber may be 
treated as a node. Thus the frequency is given by 


fe= (1/22) (4k/m)?. 
In computing this critical frequency, it was 
assumed that the number of sections was infinite. 
The frequency corresponding to the highest 
mode of a four- or five-section system is found 
to be fairly close to the critical frequency, and 
such a system is a reasonably effective low pass 
filter. It produces very considerable attenuation 
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for frequencies above that of the highest normal 
mode. 

As long as the wave-length of the sound is 
much larger than the dimensions involved in the 
individual resonators, the conclusions reached by 
the foregoing elementary analysis are valid. On 
the other hand, this reasoning should not be 
applicable to the higher audiofrequencies, where 
the wave-length is not much larger than the 
dimensions, and experimentally a second pass 
band is observed above a region of pronounced 
attenuation. For example, in the case of the six- 
section filter made from sections identical with 
those yielding the results of Table I, a second 
pronounced transmission band appeared at 
about 3000 cycle/sec. Since the discussion of the 
transmission in this case is not subject to the 
simplifications which have reduced the problems 
thus far considered to an elementary basis, this 
matter lies outside the scope of the present paper.‘ 

In this development, certain standing waves 
of sound have been treated on the assumption 
that the mass and the stiffness in a bounded 
volume of air could be localized. This idea, while 
limited in application, works very well in a 
number of important cases. The characteristic 
behavior of the single resonator can be explained 
on this basis. The facts concerning coupled oscil- 
lators, which are easily demonstrated in the 
acoustic case, can thus be handled by students 
without extensive background. Such work pro- 
vides an introduction to certain important 
features in the action of acoustic filters, because 
it lays a basis for the treatment of the various 
types of acoustic filters by the same formal 
analysis used in the case of their electrical and 
mechanical analogs. Thus, while the subject has 
interesting implications and very numerous 
applications, the material which is covered can 
be adapted to the group for which it is intended. 

The writer is indebted to Dr. G. W. Stewart 
for suggesting the use of the Helmholtz resonator 
as an experiment for the elementary laboratory 
and to Mr. W. R. Kennedy for assisting in the 
construction of the variable frequency sound 
source used in this work. 


4For information on this subject, the student may be 
referred to advanced textbooks on acoustics; for example, 
Stewart and Lindsay, Acoustics (Van Nostrand, 1930), ch. 
3 on “Transmission” and ch. 4 on ‘Filtration of sound.”’ 
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NOTES AND DISCUSSION 


To Prove that the Energy of a Photon (Corpuscle) 
of Light is Proportional to the Frequency 
of the Light Wave 


GorRDON FERRIE HULL 
Dartmouth College, Hanover, New Hampshire 


N “A note on the nature of light,’’ Professor Jorgensen! 

presents a proof of the principle that the energy of a 
light corpuscle is proportional to the frequency of the light 
wave. In this he assumes that the pressure # of light falling 
on a totally absorbing body X is equal to the energy 
density A in the beam. Then he allows X to be pushed 
against the light with speed u and states that X (of 1 cm? 
cross section) now receives energy of amount (c+2u)A 
per second, in place of cA when at rest. 

This line of argument has had an interesting history. 
Drude, in his excellent textbook, Theory of optics,? derives 
the relation for the pressure of light, p=, in this fashion. 
If X be displaced a distance u in the direction of the light 
(away from the source) the energy which falls upon the 
body is less than before by the amount uA. But the same 
amount of radiant energy enters the body as when at rest. 
If, therefore, the same energy which enters the body de- 
velops less heat than when X is at rest, the loss of heat Au 
must be represented by work done during the displacement. 
The work is pu. Hence, p=A. 

Richtmyer? and various authors who have followed him 
avoid Drude’s reasoning regarding the difference between 
entering and falling on and proceed directly to derive p=A 
by the simple argument: let X approach the light source 
with speed u; then more energy Au is received than before; 
this is due to work done pu and, therefore, p=A. In an 
article entitled ‘‘Some fallacies in textbooks on modern 
physics,’ I pointed out that this argument was fallacious. 
Using the same reasoning we can prove that the pressure 
is zero. Also, following Richtmyer, we would prove that, 
for the case of material particles—bullets, for example— 
striking an absorbing surface, p would equal A, whereas it 
equals 2A. So there is danger in basing an argument on 
the property of absorption. However, Professor Jorgen- 
sen! is not under obligation to derive the relation for the 
pressure of radiation. He assumes correctly that p=A for 
light falling on an absorbing surface. Then he allows the 
surface to advance against the light. He states that the 
surface is heated an extra amount because it picks up 
more energy; it is also heated an extra amount because work 
is done. Now when a piston is pushed against a gas, the 
heat due to the work done is communicated to the gas, in 
time to the entire body of the gas if enclosed, and not to 
the piston. In the case of radiant energy is it communicated 
only to the radiant energy that enters the body? If so, then 
the body would be heated on account of work done, and 
the total excess of heat received by the body would be 
2Au, as Professor Jorgensen has found, and not Au as 
given by Drude and Richtmyer. If, however, the work 
done against the radiation is communicated even in part 
to the radiant energy in front of the body, there would be 
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a question regarding the energy gain in the absorber. The 
uncertainty becomes greater if the absorber is pushed by 
the light away from the source. If we follow the gas 
analogy, the light beam would lose energy on account of 
work done. But if we allow this toss to appear finally in 
the absorber, as Professor Jorgensen presumably would do, 
the absorber, instead of receiving cA, would receive (c 
—2u)A energy per second. It would be stretching the 
argument too far to allow u, the speed of the absorber, to 
equal 3c—then the absorber would not be heated, though 
radiant energy of amount 3cA would be entering it per 
second. (Here, however, the pressure would not equal A.) 

The difficulty connected with absorption may be avoided 
in one of two ways—we may bottle up the radiation in an 
enclosure with perfectly reflecting walls and allow adiabatic 
expansion or contraction, or we may direct a parallel beam 
upon an advancing mirror. In the first method we come 
to the treatment that I have presented in my textbook.® 
There it is shown that, in an adiabatic compression, AT is 
constant when T is the absolute temperature of the en- 
closure. If we look upon light as a corpuscular phenomenon, 
the number of corpuscles (photons) inside of an enclosure 
is not changed by an adiabatic expansion. Assume now 
that the energy E of a photon is proportional to T; then 
XE is constant and, since \f=c, we have E/f=const. 

However, the result may be obtained directly by allow- 
ing a parallel beam (1 cm? cross section) of radiation to 
fall upon a plane perfect reflector. Now all energy changes 
take place in the radiation, none in the reflector. Allow 
this reflector to advance against the light. Radiant energy 
of length c+u is reflected to occupy a length c—u. The 
wave-length is changed by the factor (c—u)/(c+u), and 
the frequency is changed by the inverse factor, or 1+ (2u/c). 
The energy (c+u)A has been increased, on account of 
work done, by an amount 2uA, since the pressure now is 
2A. Hence, the energy has been increased in the ratio 
(c+3u)/(c+u), or 1+(2u/c). Now the number of photons 
has not changed and, consequently, the energy of each 
photon has been increased by the factor 1+(2u/c). But 
that also is the factor of increase for the frequency; hence 
the result, the energy of a photon is proportional to the 
frequency, as we use that term in the wave theory of light. 

This mode of treatment recalls Larmor’s proof that the 
pressure of radiation is equal to the energy density in the 
beam.® But it was necessary in that argument, to assume 
that the amplitude of the waves was unchanged by re- 
flection from a perfect reflector and that the energy density 
was inversely proportional to the square of the wave- 
length. It followed that the energy in the reflected length 
c—u of the beam was greater than that in the original 
length c+u by the quantity 2Au. As this was due to work 
done pu, then p=2A. 

It may be noted that the ‘‘frequency”’ of the light enter- 
ing an absorber cannot be determined merely by measuring 
the energy received; it must be computed after the ‘‘wave- 
length” has been measured by an appropriate device, a 
grating, for example. If the light reflected from the mirror 
is thrown on a grating, a maximum will be found along the 
line given by A=a sin @. If the detector (which must 
absorb some of the radiation falling on it) is on that line, 
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it will receive a maximum of energy, whether it is ad- 
vancing towards or receding from the grating. If it is not 
on the line determined by the foregoing relation, it will 
receive no energy. Thus the wave-length, and therefore, 
the frequency, will be determined by geometrical condi- 
tions, not by the characteristics of the detector—except 
that the latter must detect. 

1Am. J. Phys. 9, 243 (1941). 

2 English translation, p. 491. 

3 Introduction to modern physics, p. 191. 

‘Am. J. Phys. (Am. Phys. T.) 5, 22 (1937). 


5 An elementary survey of modern physics, p. 419. 
® Reference 5, p. 57. 


Concepts of Potential Difference and Elec- 
tromotive Force as Presented in College 
Physics Textbooks 


R. W. KENWORTHY 
University of Washington, Seattle, Washington 


N the issues of the AMERICAN JOURNAL oF Puysics for 

the past few years one finds some ten articles on the 
subject of systems of electric units, most of which are 
concerned with criticism of definitions, concepts, dimen- 
sions or uses of the units. Apparently there is some con- 
fusion or disagreement in the minds of physicists on these 
topics. After some years of attempting to teach physics to 
a general group of university students who have had no 
previous contact with the field, the writer has been im- 
pressed with their confusion of concepts in electricity. The 
specific important concepts that seem to cause the most 
difficulty for the student are those of potential difference 
and electromotive force. A discussion of difficulties with 
individual students leads one to believe that the most 
important stumbling blocks are (1) the use of from two to 
four systems of electric units, (2) a lack of consistency in 
the definitions of the corresponding units in the different 
systems. In order to ascertain how generally this criticism 
could be applied to textbooks, a survey of 22 college 
physics textbooks published within the last five years was 
made. The specific topics investigated were: 


(1) The definition of potential difference in the electro- 
static system; 

(2) The definition of the same quantity in the practical 
system; 

(3) The concept of electromotive force. 


A definition of potential difference in the electrostatic 
system was omitted in three books; the remaining 19 
defined it as the energy difference in ergs per unit positive 
charge, which is the generally accepted definition and a 
most useful one. Consistency of definitions should lead one 
to expect a similar statement for potential difference in 
volts. Instead, however, one finds at least five different 
definitions, such as the following: 

The volt is the unit of electrical pressure. (5 books.) 

The volt is the potential difference between the ends of a con- 
ductor of resistance 1 ohm when the steady current is 1 amp. 
(3 books.) 

The volt is defined in terms of the emf of a standard cell. (2 
books.) 


The volt is 10® emu or 1/300 esu of potential difference. (10 
books.) 


The volt is the potential difference between two points when one 
joule of work is required to transfer one coulomb of electricity from 
one point to the other. (7 books.) 

A few textbooks made statements that were incon- 
sistent; for example, in some books the volt was defined 
both as electric pressure and in terms of the electrostatic 
or electromagnetic unit of potential difference. 

Let us look at these definitions, not from our own point of 
view, but from that of the student who has had no previous 
contact with physics. The first definition (that of electric 
pressure) presumably builds upon his previous experience 
in the mechanics of fluids; but he soon finds that the 
analogy offers him only false security, and he must start 
over again to obtain a useful conceptual idea of potential 
difference. The second definition (by Ohm’s law) is a 
purely mathematical one, and the student is able to con- 
tinue farther with it than with the idea of electric pressure; 
but when he attempts to apply it to calculations of energy 
changes in motors, generators and storage batteries, he 
again finds it necessary to seek a new approach. The 
definition of the volt in terms of the emf of a standard cell 
gives the student a laboratory standard for comparison 
purposes only; it has no other real value. 

The definition in terms of electrostatic and electromag- 
netic units is literally correct, but until the corresponding 
units of quantity and energy are converted to coulombs 
and joules, it is not a useful definition. The fifth definition 
—energy change in joules per coulomb—provides the most 
useful concept for the student, and the seven authors who 
use it are to be commended. By use of it a student obtains 
a real grasp of the energy conversions that occur in the 
various parts of a circuit; E+JR for motors, generators 
and cells becomes a conceptual physical quantity rather 
than a mathematical manipulation. 

Similarly in the case of electromotive force one finds 
some four different definitions. Three textbooks offered no 
definite definition of emf. One book defined it by Kirch- 
hoff’s second law, another as the maximum electric pressure 
of a generator. Twelve books defined it as the open circuit 
potential difference of a cell or generator, and five as the 
work in joules required to transfer a coulomb of charge 
completely around the circuit. Which of these is best from 
the student’s viewpoint is somewhat a matter of opinion, 
but it is obvious that the first three are directly dependent 
on the correct concept of potential difference. It is the 
writer’s opinion that the last is to be preferred and use of 
it leads to a real understanding of emf by the student. 

The extent of the inaccuracies or disagreements in all 
of these definitions is not so important as the fact that 
there is disagreement. The most apparent cause of the 
disagreement is twofold: (1) the use of four systems of 
electric units; (2) the attempt to substitute analogies and 
examples for concepts and definitions. Analogies are useful, 
but almost invariably are carried too far; they should 
never be used as substitutes for a direct approach. The 
field of electricity is sufficiently matured so that too much 
dependence on analogs is unnecessary at this time. 

In 1935 the International Electrotechnical Commission 
decreed that the meter-kilogram-second system should go 
into effect on January 1, 1940. In 1938 the A.A.P.T. Com- 
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mittee on Electric and Magnetic Units stated! that ‘‘the 
advantages to be gained by fewer systems and more uni- 
formity are so great that it is hoped this report will receive 
favorable consideration.”” The advantages are especially 
important in the case of electric units. All of the elementary 
textbooks examined were published since 1935, and a very 
few since 1940, but not one of them makes any use of the 
mks system.? The logical place for introducing a new and 
simplifying system of units is in the first course in the 
subject. It is here that the American Association of 
Physics Teachers should exert a vigorous and forceful 
leadership. Much has been done in the way of standard- 
ization; namely, in methods of teaching geometrical 
optics, content of secondary school courses in physics, 
standard tests for college courses, and so forth. Is not here 
the opportunity for the Association, through its committees 
and by direct contact with publishers and authors, to 
bring about as quickly as possible the transition to the 
new system of units and an immediate strengthening of 
the foundation work in physics? 
1 Am. J. Phys. (Am. Phys. T.) 6, 144 (1938), p. 151. 


2A single elementary textbook that employs the mks system has 
appeared since this study was made. 


An Automatic Control and Timing Device 


ALFRED H. WEBER AND EpwarD J. GRILL 
Saint Louis University, Saint Louis, Missouri 


IGURES 1 and 2, in which corresponding parts are 

lettered alike, illustrate a simple device and circuit 
used to control and automatically time the current in an 
external circuit. Its features are (1) the control of a rela- 
tively large amount of power in an external circuit with 
a control circuit requiring very little power expenditure 
for inertial or frictional drags, (2) the timing of the ex- 
ternal circuit power for readily varied intervals. We have 
used the device to ‘‘flash’’ an air-cooled Coolidge x-ray 
tube for some 5 sec out of every minute and to “‘rest’’ the 
tube by preventing the flashing for some 10 min out of 
every hour. 

The timing of intervals is accomplished with an electric 
clock, the second hand S and minute hand M of which 
dip into pools of mercury P in the wooden troughs Ts 
and Ty (only Ts is clearly visible in Fig. 1; Ty is behind 
and below), the interval timed being adjusted by varying 
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Fic. 1. Photograph of the essential parts of the device: L is the 
115-v a.c. line for the clock. 
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EXTERNAL CIRCUIT 


the amount of mercury in the troughs or the lengths of S 
and M or both. The hand S is bent as indicated in Fig. 2. 
From Fig. 2 it is obvious that current is set up in the ex- 
ternal circuit whenever S dips into P, thus producing con- 
tact at Cs by energizing relay Rs (Cy remaining closed); 
and the current is interrupted whenever M dips into P, 
thus breaking contact at Cy by energizing relay Ru. The 
relay Rs must have a contact Cs designed to carry the 
heavy current! in the external circuit. The relay Ry is an 
ordinary telegraph sounder. 

By the use of multiple-pointer second and minute hands 
of various lengths, the frequency and duration of the ‘‘on”’ 
and ‘‘off’’ intervals in the external circuit could be adjusted 
over a very wide range. 

Although the device involves nothing that is very origi- 
nal, we have found it convenient and considered it worth 
while calling to the attention of others. 


are K-100 (Guardian Electric Co., Chicago) relay used will take 
w. 


An Appeal for Physics Graduates 


J. C. Morris! 
National Research Council, Washington, D. C. 


HE Office of Scientific Personnel has been set up by 

the National Research Council at the request of the 
National Defense Research Committee to assist in locating 
scientists for the various governmental defense agencies. 
Working in close cooperation with the National Roster of 
Scientific and Specialized Personnel it has been active in 
locating trained scientists in a large number of fields, but 
by far the greater part of its effort has been devoted to 
attempting to meet the requests for trained physicists and 
radio engineers. In both of these fields acute shortages are 
developing, and there is every indication that the demand 
will continue to increase. 

It is, therefore, imperative that the students who are 
completing their training in physics during this academic 
year should be enrolled in the National Roster of Scientific 
and Specialized Personnel, and if available for defense 
work should also be listed with the Office of Scientific 
Personnel. The National Roster plans to obtain in the 
near future, through the college authorities, the names of 
those expected to obtain degrees in 1942 in,all the fields 
covered by the Roster. However, because of the pressure 
that is being felt in the field of physics the National 
Roster, in cooperation with the Office of Scientific Person- 
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nel, is preparing to send out at once a special request to 
the heads of the physics departments asking them to 
supply the names of those who will receive Bachelor’s, 
Master’s or Doctor’s degree in physics and to indicate 
which of these will probably be available for defense 
positions. It is especially urgent that the names of those 
who will receive their degrees in February should be 
obtained at once. 

The experience of the Office of Scientific Personnel and 
of the National Roster indicates that the majority of the 
demands for physicists will be for those with advanced 
degrees, and it is hoped that every encouragement will be 


given to students to continue their training as far as possible. 
If the number of those taking advanced training is not 
maintained the situation will soon become acute. It is 
also felt that graduate students can play an increased 
role in assisting in the teaching load, thereby in part 
compensating for the loss of faculty members who have 
been called away by defense agencies. 

The cooperation of the chairman of every physics 
department is requested to make this census as complete 
as possible. 


1 Director, Office of Scientific Personnel; Consultant, National 
Roster of Scientific and Specialized Personnel. 


Frances Gertrude Wick, 1875-1941 


HE active and distinguished career of Frances Ger- 

trude Wick was terminated by her death on June 15, 
1941. Her illness of about four months duration following 
a fall suffered in the winter, was born with the fortitude 
and optimism that characterized all her activities. 

Miss Wick was born in Butler, Pennsylvania, on October 
2, 1875. Graduating from Wilson College in 1897 she taught 
for six years in the Butler high school. She then went to 
Cornell University where she received the degree of bache- 
lor of arts in 1905, the master of arts in 1906 and the 
doctorate in 1908. After teaching the next two years at 
Simmons College, she joined the Vassar College depart- 
ment of physics as an instructor in 1910 and was pro- 
moted through all the ranks until she became a professor 
in 1922. At the time of her death she was the chairman of 
the department, having been elected in 1939. 

Professor Wick’s outstanding contributions in teaching 
and research were a consequence of her enthusiasm, 
friendliness and unfailing energy. She inspired both stu- 
dents and colleagues by her encouragement and by her 
sincere interest in their work. Always modest concerning 
her own achievements, she showed a stimulating apprecia- 
tion of the accomplishments of others. In the classroom her 
presentations and demonstrations were given each time 
with the freshness and zeal of the novice but with the skill 
of the experienced teacher. Her contagious enthusiasm was 
communicated to her students, many of whom became 
permanently interested in the field of phsyics. 

In summer vacations as well as during various leaves 
Professor Wick worked in many physical laboratories, 


among them that of Cornell University, the Jefferson 
Physical Laboratory of Harvard University, the Research 
Laboratory of the General Electric Company, the Caven- 
dish Laboratory as the guest of J. J. Thompson, and the 
Institute for Radium Research of Vienna. Her researches 
were chiefly in the field of luminescence, in which she was 
in turn the student of, collaborator with and successor 
to the late Professor E. L. Nichols of Cornell University. 
Many of her investigations were pioneer studies carried 
out before phenomena of luminescence had assumed the 
importance that they now have. In spite of ailing health 
Miss Wick had continued her work and was anticipating 
with great pleasure an increasing use of the extensive and 
unique collection of luminescent materials which had been 
prepared by Professor Nichols and placed at her disposal 
by Cornell University. 

It was not alone in teaching and research that Miss 
Wick was active. Her broad interests were indicated by 
extensive travels, during which she enjoyed the life of the 
people of various countries and became interested in many 
scientists, some of whom she was able to help in their mis- 
fortunes. She also served as a trustee of Wilson College 
and on committees of the National Research Council, the 
American Association of University Women and the Op- 
tical Society of America. 

In the minds of all who knew her Miss Wick will live 
as a remarkable example of contagious happiness and con- 
stant devotion to her chosen work. 

PauL A. NORTHROP 


66 OR I dipt into the future, far as human eyes could see, 
Saw the vision of the world, and all the wonders that would be, 
Saw the heavens fill with commerce, argosies of magic sails, 
Pilots of the purple twilight, dropping down with costly bales.” 
ALFRED TENNYSON (1840) 
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RECENT PUBLICATIONS 
AND TEACHING AIDS 


SURVEY COURSES 


Fundamentals of Physical Science. Konrap BATES 
KraAusKopF, Assistant Professor of Geology, Stanford 
University. 670 p., 329 fig., 15X23 cm. McGraw-Hill, 
$3.50. Professor Krauskopf has presented to the teaching 
profession an outstanding example of what can be done in 
the field of science when one views the subjects of physics, 
chemistry, astronomy and geology as a whole. The book 
should be excellent for the student who is really interested 
in the field of science. It is not of the usual ‘‘elementary”’ 
type but is comparable in its treatment with any standard 
college scientific textbook. 

A reasonable amount of mathematics is used. The defi- 
nitions are precise, and the explanations, while in some 
cases extensive, are interesting and exact. An excellent set 
of questions appears at the end of each chapter, and a list 
of reference material at the end of each section. The book 
is divided into six parts for convenience in using it under 
either the semester or term system; but the material is 
fairly well distributed in the four fields and is integrated 
to the extent that the treatment is consecutive and logical. 
Although this treatment is quite thorough, it is not con- 
sidered too difficult for the average college freshman. 

The approach is largely historical, with particular refer- 
ence to the scientific experimental method. Excellent 
examples of good presentation are the discussions of inertia, 
mass and weight, and the chapter on mathematics. The 
book contains a liberal number of chemical equations and 
formulas but does not introduce the more difficult ones. 

This textbook would be most satisfactory for a course 
in physical science survey covering the four fields indicated, 
where the intent of the course is to teach the student to 
think in terms of scientific procedure rather than to give 
him descriptive knowledge of scientific material —WILL 
V. Norris. 


This Physical World. C. C. CLARK AND C. A. JOHNSON, 
New York University, AND L. M. Cockapay, United 
States Naval Academy. 538 p., 15X23 cm. McGraw-Hill, 
$3.25. The authors state in the preface that their aim 
is to present in a readable style an accurate discussion 
of some of our basic knowledge about the physical world. 
The book is intended as a freshman survey textbook 
on the college level covering the fields of astronomy, 
physics and chemistry. It opens with the historical 
background of Tycho Brahe and ends with a chapter 
on communications. Primarily about science, rather than 
a study in science, the book contains no laboratory ma- 


terial and is nonmathematical; but it does give an interest- 


ing discussion of the experimental fields covered. Sets of 
questions for students’ study are missing. The references 
for additional reading are particularly good in that they 
include a brief description of the contents of each reference. 
Unusual emphasis is placed on the fields of electricity and 
electrical engineering. The material on astronomy is good, 
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as is the general description of atomic structure. Chemistry 
is well covered, particularly in reference to modern syn- 
thetic products. The diagrams are excellent and instructive, 
particularly those relating the British thermal unit to the 
foot pound, the one on heat quantities and the diagram- 
matical ladder of dimensions. Some of the photographs 
appear to be unnecessary; for example, pouring gold, the 
oxygen tent, the Lucite retort and the star diagram. The 
type is large and readable. 

Although the explanations are for the most part quite 
elementary, they are thorough and illustrate the use of 
the scientific method. The technical definitions used might 
be questioned in a few cases. However, the discussion is 
quite satisfactory for students in a descriptive course who 
wish to learn some of the interesting facts about science, 
presented under such chapter headings as ‘‘Electrons in 
glass houses.”—WILL V. Norris. 


METEOROLOGY 


Introduction to Meteorology. SVERRE PETTERSSEN, Pro- 
fessor of Meteorology, Massachusetts Institute of Tech- 
nology. 245 p., 143 fig. and plates, 15X23 cm. McGraw- 
Hill, $2.50. Designed to serve as an elementary introduc- 
tion to modern meteorology, this textbook is intended to 
create an interest in the subject and provide a background 
rather than to furnish a technical treatment. The book is 
an expansion of a chapter on meteorology written for the 
British and American editions of Weem’s Air navigation 
and is an abbreviation of the general principles of the 
author’s recent book, Weather analysis and forecasting. 

After a very brief chapter devoted to the composition 
and structure of the atmosphere, the author discusses in- 
struments and observations, then evaporation, condensa- 
tion and precipitation. The effects of temperature changes 
in the atmosphere, both adiabatic and nonadiabatic, are 
very adequately treated, especially the adiabatic changes 
and the stability and instability of the air. The subject of 
wind systems is treated in a fashion that seems to be a 
little more than elementary. A somewhat brief chapter on 
air masses is followed by a quite thorough discussion of the 
formation, structure and behavior of fronts; the treatment 
of fronto-genesis is excellent. The growth of cyclones and 
anticyclones is fully discussed. 

The chapters devoted to weather analysis, weather fore- 
casting and weather maps are perhaps the best parts of 
the book. The methods followed and the symbols used in 
constructing weather charts are given in detail; the steps 
followed in making a complete analysis of the charts are 
described. The methods used in forecasting are given in 
detail and with clarity by the aid of some excellent weather 
maps. The book is concluded with brief chapters on climate 
and the history of meteorology. 

The arrangement of some of the subject matter might be 
improved and some parts seem rather advanced for the 
elementary and brief introductions preceding them. On 
the whole, however, the book is attractive and well 
written and doubtless will fill well the purpose for which it 
was written.—JOoHN G. ALBRIGHT. 
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ASTRONOMY 


Astronomy. CLYDE FIsHER and MARIAN LocKwoop, 
Hayden Planetarium, American Museum of Natural His- 
tory. 214 p., 66 fig., 14X22 cm. Wiley, $1.75. This is a 
well-organized and well-written compendium of facts con- 
cerning the universe. The material has been carefully 
chosen and is in good balance. The relative amount of 
space given each topic in general meets with the approval 
of this reviewer. The several theories which have been 
chosen for delineation are described satisfactorily. 

The book should prove to be of interest to the super- 
ficial reader. However, it falls short of what the editor of 
this series believes should be the aim of the several books 
in the series. He says, ‘It is not difficult to sketch the 
scene superficially but the result is a smattering of de- 
scriptive knowledge which is far from being a science. . . 
The student and the citizen need to absorb the scientific 
attitude, to master the scientific method of thought and 
to master the basic concepts of the science.” With all of 
this the present reviewer is enthusiastically in accord. The 
book does little more than sketch the scene. In certain 
places the wording suggests that the authors themselves 
are not thinking very clearly; for example, on page 47 
they say, ‘‘Obviously, since it is not a solid but a gaseous 
body, the sun need not and does not rotate at its various 
latitudes with a uniform speed.’”’ It seems like a truism 
to the writer that a book written with the ideals stated by 
the editor should show how ideas grow from observations. 
Here, and in countless other places, the book fails to do 
this when the opportunities are ripe. 

This reviewer has yet another criticism. In his experi- 
ence with students in the college freshman group, he finds 
this coterie of inquiring minds to be as much if not more 
interested in how the scientist arrives at a conclusion as 
they are in the conclusion itself. A typical example con- 
cerns the temperature of the moon. The instructor says 
hopefully, ‘The temperature of the moon is above the 
boiling point of water when the sun is directly over head.” 
More students immediately ask, ‘‘How in the world can 


you tell?” than the simpler question ‘‘Why?”’. Obviously, 
the second question is naturally included in the answer to 
the first. Furthermore, if the first question is properly 
answered, the scientific method can be presented with 
meaning. This the present book fails to do. To be sure, 
there is a chapter on instruments—considered separately, 
as are the planets, meteorites, and so forth—but the ma- 
terial is not handled as well as is the factual matter con- 
cerning the universe. For instance, concerning the photo- 
electric cell the book says ‘‘The photoelectric cell developed 
by Stebbins and Rosing has made it possible to measure 
with great accuracy the magnitudes of stars, a very im- 
portant advance in the study of stars.”” Here is a weak 
answer to the question, ‘‘What is it good for?’’, and no 
answer at all to the more frequently asked questions, 
‘What is it like?” and ‘‘How is it used?’’. The references 
to the development and great accuracy of the photoelec- 
tric cell are also obviously misleading and indefinite. 

In conclusion, the reviewer regards this book as above 
the average in clarity, simplicity of description and balance 
in choice of material. It fails, however, to meet the ideals 
expressed by the editor of the series and in so doing fails 
to meet a requirement of any good scientific book, including 
those intended for the unscientifically trained reader.— 
C. E. HESTHAL. 


Motion PicTurRE FILMs 


Unseen Worlds. 16 or 35 mm, sound, 10 min. Wm. J. 


Ganz Co. (19 E. 47th St., New York), loaned gratis. 
Electron microscope. 


SLIDEFILMS 


Education Slidefilms. 35 mm. Jim Handy Organization 
(2821 East Grand Blvd., Detroit), sale only. Twelve sets of 
film slides on magnetism, static electricity, current elec- 
tricity, primary cells, secondary cells, electromagnetism, 
generators, alternating current, motors, meters, appli- 
cations. 


National Roster of Scientific and Specialized Personnel 


HE American Institute of Physics wishes to empha- 

size the fact that every American physicist should 
be registered in the National Roster of Scientific and 
Specialized Personnel. This is true for holders of Bachelor’s 
degrees as well as holders of more advanced degrees. 
Your registration will help defense authorities to estimate 
the scientific capacity of the nation and to plan projects 
and training programs accordingly. It may help to assure 
you appropriate opportunities for work in National 
Defense and may save you from assignments in which 
your specialized ability would be wasted. 

If you have not enrolled, send at once for a questionary 
and a check list for your field. Be sure to specify the 
field—physics, radio, chemistry or whatever it is. If you 
have enrolled, you will shortly receive a new questionary 


designed to bring up to date the information in the Roster; 
do not fail to return it completely answered. 

It is especially important that all physicists already 
engaged in National Defense work be correctly registered 
in the Roster; this will forestall recommendations for 
personnel transfers that would be disturbing both to the 
individuals concerned and to defense projects and in- 
dustries. It is also essential for the Government to know 
what percentage of the experts in any field are employed 
on defense projects and thus to anticipate serious shortages 
and deal with them intelligently. 

Physics departments are urged to canvass their staffs 
and graduate students and to submit the names of any 
not registered to the National Roster of Scientific and 
Specialized Personnel, 930 F Street, N. W., Washington, 
B.C. 
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Committees, A.A.P.T. (see American Association of Physics Teachers) 
Courses (see Astronomy; General physics; Intermediate and advanced 
physics; Meteorology; Premedical courses; Survey courses) 


Demonstrations (see Lecture-demonstrations) 
Departmental administration, maintenance and activities 
College lectures for school students, O. Blackwood—58(D); S. B. 
Arenson—120 
Defense training courses, Government supported, I. H. Solt—294; 
at Pennsylvania State College, M. W. White—361 
Graduate appointments, common date for accepting, Anon.—59 
Graduate work in various departments, R. T. Birge—24; D. Roller 
—53 
Meteorology, undergraduate program in, C. H. Dwight—315 
Photography in the physics curriculum, C. W. Miller—107; need 
for more types of courses, W. E. Dobbs—176 
Requirements for physics major in Illinois colleges, L. I. 
Bockstahler—57(D) 
Summer courses, symposiums and meetings—192 


Education, physics and science (see also General physics; Tests) 
Bibliography of studies in physics education, J. R. Hollingsworth 
—297 
College lectures for school students, O. Blackwood—58(D); S. B. 
Arenson—120 
College Entrance Examination Board physics syllabus—304 
Conference method of teaching, R. R. Hancox—371 
Defense, training physicists for, I. H. Solt—294; ESMDT program 
at Pennsylvania State College, M. W. White— 361 
General education, school physics courses for, R. J. Stephenson, 
G. W. Warner—50 , 
Graduate work in physics, R. T. Birge—24 
Laboratory, even-front method, W. R. Wright—56(D); student 
criticisms of 45 experiments, J. S. Rinehart—218, 56(D) 
Lecture-outlines, mimeographed, J. A. Eldridge—57(D) 
Literature—196(R) 
Meetings for improvement of physics instructiou: Philadelphia— 
54, 132; Pasadena—245; Chicago—44; Colorado-Wyoming 
—44; District of Columbia—183; New England section—49; 
Oregon—183; Western Pennsylvania—44; Southeastern sec- 
tion—194; summer symposiums and meetings—192 
Motion pictures, teaching value of, C. J. Lapp—112 
Negro colleges, physics in, H. W. Woodson—180 
Problem solving, effect on student achievement, C. J. Lapp—239 
Requirements for physics majors in Illinois colleges, L. I. 
Bockstahler—57(D) 
School mathematics, relation to college physics, P. S. Epstein—34 
School physics, in Pennsylvania, M. H. Trytten, J. M. Leach—96, 
57(D); in Arizona, E. H. Warner—368 
School science teachers, their preparation as shown by national 
tests, C. W. Croon—45 
Teacher of physics, his role and significance, R. A. Millikan—81 
Electricity and magnetism (see General physics; History and biography; 
Intermediate and advanced physics; Lecture-demonstrations; 
Textbooks) 
Engineering physics (see General physics) 
Examinations (see Tests) 


Experiments (see General physics, laboratory; Intermediate and 
advanced physics, laboratory; Lecture-demonstrations) 


First-year college physics (see General physics; Premedical physics; 
Survey courses) 


INDEX 387 


General physics, educational aspects (see also Education; Tests) 

Conference method of teaching, R. R. Hancox—371 

Covering the textbook, A. A. Bless—194(D) 

Laboratory, even-front method, W. R. Wright—56(D); student 
criticism of, J. S. Rinehart—218, 56(D); teaching scientific 
method in, E. H. Warner—245(D) 

Lecture outlines, mimeographed, J. A. Eldridge—57(D) 

Problem solving, effect on student achievement, C. J. Lapp—239 

School mathematics, relation to college physics, P. S. Epstein—34 

“Stripped problems,”’ H. K. Schilling—124 

Subject matter, obsolete, G. E. Grantham—52 


General physics, laboratory apparatus and experiments (see also Inter- 
mediate and advanced physics, laboratory; Lecture-demon- 
strations) 

Acceleration of gravity, improved Whiting pendulum, C. H. Shaw 
—125 

Acoustic resonators, experiments with, P. L. Copeland—375 

Archimedes principle, S. K. Haynes—123 

Centrifugal force, W. H. Dowland, N. Herbert—197(D) 

Cleaning laboratory tables, W. A. Becker—133(D) 

Dynamics, falling chain, E. H. Warner—245(D); moment of 
inertia, W. P. Berggren, M. E. Gardner—243; photographic 
records of accelerating systems, C. A. Ludeke—162 

Electric bell and spark coil, oscillographic study of, G. Ghey— 
317(D) 

Electric connections, board for, J. W. Davis—133(D) 

Electric power supply, voltage regulated d.c., G. G. Kretschmar— 
126; medium voltage, A. R. Frey—242 

Electric transients in condensers, L. E. Smith, Jr.—51 

Forces, nonconcurrent, R. G. Wilson—123 

Gases, diffusion of, A. Longacre—232 

Hydrometers, dowmetal, S. K. Haynes—i23 

Literature: manuals—60(R) 

Optics, diffraction gratings, J. N. Emery—133(D); individual 
student apparatus, E. M. Rogers—S5; visual sensitivity, N. M. 
Mohler—231 

Photometry, integrating sphere, experiments, N. M. Mohler—229; 
luminous intensity, S. C. Gladden—283 

Potentiometer, simple direct reading, A. H. Weber—314 

Stefan-Boltzmann law, Stefan constant, P. A. Constantinides—87 

Student criticism of 45 experiments, J. S. Rinehart—56(D) 

Thermal expansion, modified apparatus, H. E. Wolf—187 

Thermionic work function, calorimetric method, P. L. Copeland 
—21 

General physics, subject matter and references (see also General 
physics, laboratory; History and biography; Intermediate and 
advanced physics; Lecture-demonstrations; Methodology and 
philosophy of science; Terminology and notation; Textbooks; 
Units, dimensions and measurements; Visual materials and 
methods) 

Acoustics, distinction between loudness and intensity, L. B. Ham 
—213; Doppler effect, C. W. Heaps—313 

Archimedes principle, problem, H. A. F. Gohar—318 

Astrophysics, mystery of 8 Lyrae, O. Struve—63 

Atomic electron distribution, chart, L. Sibaiya—122 

Automobile, stopping or turning to avoid collisions, S.'Chapman 
—57(D) 

Bernoulli equation, derivation, V. E. Bottom—190 

Electrolysis, presentation of Faraday laws, W. W. Sleator—166 

Electromotive force and potential difference, R. W. Kenworthy— 
380; 246(D) 

Energy, problem on nonconservation of mechanical, L. T. Pockman 
—50 

Falling body, theoretical consequences of a space-acceleration 
hypothesis, P. R. Heyl—217 

Forces, introductory problems on, R. S. Shaw—54(D) 

Heat, mechanical equivalent of, C. A. Stevenson—124; temperature 
concept, L. Balamuth, H. C. Wolfe, M. W. Zemansky—199; 
W. Noll—194(D) 

Hydrology and physics, N. W. Cummings—245(D) 

Kepler’s laws, simple theory of, R. H. Bacon—221 

Kinetic theory derivation of Joule equivalent, C. A. Stevenson— 
124 
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Liquid, structure of, C. D. Thomas, N. S. Gingrich—10 

Literature: check list of periodical articles—133, 198, 254, 318; 
pamphlets and reprints—241(R), 316(R); text- and reference 
books—129(R), 249(R) 

Optics, realistic approach to, E. M. Rogers—55(D); lens aber- 
rations, L. E. Dodd, C. P. Wiedow—102; synthesis of light, 
H. A. Perkins—188 

Periodic chart, circular, L. Sibaiya—i122 

Photography, physics in, C. W. Miller—107 

Soil physics and morphology, C. C. Nikiforoff—346 

Units, distinction between fundamental and derived, R. D. Rusk— 
57(D); use of poundal, A. P. R. Wadlund—1i89; G. E. Owen 
—314 


Heat (see General physics; Intermediate and advanced physics; Lecture- 


demonstrations) 


History and biography 


British scientists in 1904, E. C. Watson—43 

Cosandey, Charles Jules, 1894-1940, R. D. Chadwick—52 

Dewar, James, E. C. Watson—41 

Electric inductance, skin effect and proximity effect, T. J. Higgins 
—337 

Faraday laws of electrolysis, W. W. Sleator—166 

Haas, Arthur Erich, 1884-1941, E. Guth—198 

Literature—251(R) 

Logics, many-valued, B. Rosser—212 

Manchester Town Hall, E. C. Watson—i11 

Miller, Dayton Clarence, biography, R. S. Shankland—273 

Millikan, R. A., educational contributions, D. Roller—38 

Newton's synthesis of light, H. A. Perkins—188 

Optical surfaces of Descartes and Huygens, H. W. Farwell—255 

Rowland, Henry Augustus, biography, H. F. Reid—117 

Royal Institution lectures, E. C. Watson—41 

Speed of light, C. B. Boyer—253(D) 

Tribuna di Galileo, Florence, E. C. Watson—184, 237, 307 

Wick, Frances Gertrude, 1875-1941—382 

Wilkins, Thomas Russell, 1891-1940—134 


Intermediate and advanced physics, educational aspects 


Graduate appointments and facilities in various institutions, D. 
Roller—53; common date for accepting, Anon.—59 

Negro colleges, graduate work in, H. W. Woodson—183 

Optics, teaching of geometrical, L. E. Dodd—245(D) 

Ph. D. in physics, number and sources of degrees granted, training, 
prospects, etc., R. T. Birge—24 

Training for defense industries, I. H. Solt—294; J. C. Morris— 
381; Anon.—384 


Intermediate and advanced physics, laboratory (see also General 


physics, laboratory; Lecture-demonstrations) 

Acoustics, experiments with resonators, P. L. Copeland—375; 
nonresonant method of measuring A, D. B. Green—186 

Avogadro number, by x-rays, P. Kirkpatrick—20 

Compton effect, P. Kirkpatrick—20 

Crystal analysis, P. Kirkpatrick—18 

Electric current, automatic control and timer for, A. H. Weber, 
E. J. Grill—381 

Electric power supply, voltage-regulated d.c., G. G. Kretschmar— 
126; medium voltage, A. R. Frey—242 

Electric units, experiment involving mks, N. C. Little—54(D) 

Electromagnetic pendulum, P. F. Bartunek—56(D) 

Emissivity of metals, P. A. Constantinides—87 

Induction furnace and coil, combined high frequency, J. L. Winget, 
F, M. Durbin—291 

Kinetic theory model, for statistical experiments, T. B. Brown— 
168, 58(D) 

Lagrange equations, P. F. Bartunek—56(D) 

Literature: manuals, 248(R) 

Photometry, integrating sphere, experiments, N. M. Mohler—229 

Radioactive recoil, S. C. Brown—373 

Ratio h/e, experiment on, P. Kirkpatrick—17 

Ratio w/e, determination of, N. C. Littlke—54(D) 

Specific heat of carbon, temperature variation, E. Frank—227 

Spherometer, performance of, W. Steimle, L. E. Dodd—245(D) 

Stefan-Boltzmann law, Stefan constant, P. A. Constantinides—87 
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Thermionic work function, calorimetric method, P. L. Copeland 
—21 

Visual sensitivity, N. M. Mohler—231 

Wind tunnel, inexpensive, I. F. Zartman, W. Eberly—84 

X-rays laboratory course, P. Kirkpatrick—14 


Intermediate and advanced physics, subject matter (see also General 


physics; History and biography; Intermediate and advanced 
physics, laboratory; Methodology of science; Terminology and 
notation; Textbooks) 

Astrophysics, mystery of 8 Lyrae, O. Struve—63 

Bernoulli equation, derivation, V. E. Bottom—190 

Carnot cycle, model, E. W. Kanning, R. J. Hartman—197(D) 

Dynamical systems, photographic records of motions of, C. A. 
Ludeke—163 

Elastic impacts, S. Chapman—357 

Electric circuit with nonlinear resistances, graphical representation 
of, P. I. Wold—56(D) 

Electric current, harmonics in a.c., J. A. Duncan—54(D) 

Electric field of a steady current, A. Marcus—225 

Electric inductance, skin effect and proximity effect, origin and 
development of concepts, T. J. Higgins—337 

Electron microscope, theory of magnetic lens, A. L. Hughes—204 

Electron theory of thermoelectric effects, graphical presentation of, 
W. V. Houston—246(D) 

Energy, problem on nonconservation of mechanical, L. T. Pockman 
—50 

Falling body, theoretical consequence of a space-acceleration 
hypothesis, P. R. Heyl—217 

Light, early estimates of speed of, C. B. Boyer—253(D); pressure of 
light and proof that photon energy is proportional to A, T. 
Jorgensen, Jr.—243; G. F. Hull—379; synthesis of light, H. A. 
Perkins—188 

Liquid, structure of, C. D. Thomas, N. S. Gingrich—10 

Literature: pamphlets and reprints~-196(R), 241, 252(R); text- and 
reference books—60(R), 61(R), 130(R), 195(R), 247(R), 
316(R) 

Logics, many-valued, B. Rosser—207 

Magnetic electron lens, focal length of, A. L. Hughes—204 

Molecular beams and nuclear moments, D. R. Hamilton—319 

Nucleus, classical model of stability and fission, M. S. Plesset—1; 
nuclear moments, D. Hamilton—319; theory of nuclear 
reactions, P. Morrison—135 

Optical surfaces of Descartes and Huygens—H. W. Farwell—255 

Periodic chart, showing atomic electron distributions, L. Sibaiya 
—122 

Periodic curves, harmonic analysis of, J. A. Duncan—54(D) 

Probability concept, logic of, G. Bergmann—263 

Quantum statistics, probability concept in, P. S. Epstein—246(D) 

Soil physics and morphology, C. C. Nikiforoff—346 

Stellar spectra, O. Struve—63 

Temperature concept, intermediate treatment, L. Balamuth, H. C. 
Wolfe, M. W. Zemansky—199 

Thermoelectric effects, graphical presentation of electron theory of, 
W. V. Houston—246(D) 


Laboratory, student (see General physics, laboratory; Intermediate and 


advanced physics, laboratory) 


Lecture-demonstrations (see also Visual materials and metheds) 


Acoustics, Doppler effect, J. Zeleny—174; C. W. Heaps—313; 
filter for high frequencies, H. K. Schilling—56(D); resonant 
response, J. S. Miller—312; upper auditory threshold, A. D. 
Hummel—55(D) 

Archimedes principle and density, J. S. Miller—313 

Atmospheric pressure, change with altitude, J. Zeleny—173 

Ballistic pendulum, modified, W. H. Michener—58(D) 

Boyle's law, F. B. Dutton—133(D) 

Carnot cycle, model, E. W. Kanning, R. J. Hartman—197(D) 

Change of state, cryophorus, F. B. Dutton—133(D) 

Crystal growth, J. Zeleny—173 

Doppler effect in sound, J. Zeleny—i74; C. W. Heaps—313 

Dynamics of rotation, W. P. Berggren, M. E. Gardner—243; P. J. 
Rice, Jr.—312; A. D. Hummel—55(D); W._H. Dowland— 
197(D) 

Elastic collisions, S. Chapman—357, 56(D) 

Electric connections, board for, J. W. Davis—133 
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Electric transients in condensers, L. E. Smith, Jr.—SO 
Electrodynamics, Ampére apparatus, W. H. Dowland—197(D) 
Falling body, air resistance on, J. Zeleny—173 
Fog production with smoke nuclei, J. J. Coop—242 
Fluids, behavior near critical state, B. H. Sage, H. H. Reamer—310 
Friction, effect of very small, W. H. Dowland—197(D) 
Gas, model of two-dimensional, T. B. Brown—168 
Impact ball apparatus, S. Chapman—357, 56(D) 
Induction furnace and coil, combined high frequency, J. L. Winget, 
F. M. Durbin—291 ; 
Kinetic theory model, two-dimensional, T. B. Brown—168, 58(D) 
Leyden jar, dissectible, J. Zeleny—175 
Liquifying air at atmosphere pressure, J. Zeleny—174 
Lissajous figures, improved apparatus, P. F. Gaehr—94 
Literature—250(R) 
Magnetism, heated iron nonmagnetic, J. Zeleny—175 
Mechanical principles, wind-machine for demonstrating various, 
W. J. Jackson, F. R. Pratt—57(D) 
Melde experiment, G. D. Rock, A. May—189 
Motion of Atwood machine, etc., photographic records of, C. A. 
Ludeke—162 
Optics, Lucite accessories for optical disk, C. C. Sartain—194(D); 
string models for geometrical, L. E. Dodd, C. P. Wiedow—102; 
synthesis of light, H. A. Perkins—188 
Oscillograph, mechanical switch for, L. E. Smith, Jr.—50 
Osmosis, J. S. Miller—313 
Peltier effect, J. Zeleny—175 
Potentiometer, demonstration, W. B. Pietenpol—55(D) 
Projection lantern, glass cell for, L. W. Mullinger—197(D) 
Radio tuning and coupling, mechanical analog, J. L. Bohn, F.H, 
Nadig—57(D) 
Recalescence in iron, J. Zeleny—175 
Temperature, effect on viscosity of liquid, J. Zeleny—174 
Thermionic emission, cooling effect of, P. L. Copeland—21 
Thermodynamic models, Carnot cycle, E. W. Kanning, R. J. 
Hartman—197(D); ideal gas and van der Waals surfaces, 
J. W. M. DuMond—234 
Vacuum tube characteristics, oscillographic demonstrations of, 
E. H. Green—191 
Vibrations, forced, J. L. Bohn, F. H. Nadig—57(D) 
Vibrations of strings, J. Zeleny—174; G. D. Rock, A. May—189 
Viscosity of liquids, effect of temperature on, J. Zeleny—174 
Wind tunnel, I. F. Zartman, W. Eberly—84 
Light (see General physics; History and biography; Intermediate and 
advanced physics; Lecture-demonstrations; Terminology) 


Mechanics (see General physics; History and biography; Intermediate 
and advanced physics; Lecture-demonstrations; Terminology and 
notation; Textbooks; Units, dimensions and measurements) 

Meteorology courses 
Literature—62(R), 196(R), 251(R), 383(R) 

Fog production, demonstration, J. J. Coop—242 
Four-year undergraduate program, C. H. Dwight—315 

Methodology and philosophy of science 
Dimensions of a quantity, V. F. Lenzen—245(D) 
Literature—251(R), 315(R) 

Many-valued logics, B. Rosser—207 
Philosophy and physics, their relation, O. A. Grosselin—285 
Probability concept, logic of, G. Bergmann—263 

Modern physics (see General physics; Intermediate and advanced 
physics) 

Motion pictures (see Visual materials and methods) 

Museums (see Visual materials and methods) 


Philosophy of science (see Methodology and philosophy of science) 
Photography courses 


Blueprints and shadowgraphs as first experiments, N. M. Mohler 


—190 
Courses available in 20 colleges, and types of courses needed, W. E. 
Dobbs—176 


Literature—62(R), 131(R), 316(R) 

Physical character of photographic problems, C. W. Miller—107 
Premedical courses (see also General physics; Lecture-demonstrations) 
Literature—129(R) 
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Visual sensitivity, experiment, N. M. Mohler—231 
X-rays laboratory course, P. Kirkpatrick—14 
Proceedings of A.A.P.T. (see American Association of Physics Teachers) 























Reviews of books, pamphlets and trade literature (see also Textbooks, 

errors and inadequate treatments in) 

Albert, A. A., Introduction to Algebraic Theories—130 

Allen, H. S., and R. S. Maxwell, A Textbook of Heat. Part II—248 

Avery, M., Household Physics Laboratory Manual—249 

Awberry, J. H., (Ed.), Reports on Progress in Physics. Vol. VII— 
316 

Barton, A. W., A Textbook on Light—195 

Bausch and Lomb Optical Co., Development and Manufacture of 
Optical Glass in America—196 

Beauchamp, W. L., J. C. Mayfield and J. Y. West, Everyday 
Problems in Science—250 

Bell Telephone Laboratories, Bell Telephone System Monographs 
—252 

Black, N. H., An Introductory Course in College Physics—249 

Boucher, P. E., Fundamentals of Photography—131 

Braddick, H. J. J., Cosmic Rays and Mesotrons—195 

Brown, T. B., Foundations of Modern Physics—249 

Burdon, R. S., Surface Tension and the Spreading of Liquids—195 

Burton, E. F., H. G. Smith and J. O. Wilhelm, Phenomena at the 
Temperature of Liquid Helium—247 

Cable, E. J., R. W. Getchell and W. H. Kadesch, The Physical 
Sciences—250 

Carnegie Institute of Technology, The Coordination of Engineering 
Curricula—251 

Churchill, R. V., Fourier Series and Boundary Value Problems— 
130 

Clagett, M., Giovanni Marliani and Late Medieval Physics—251 

Clark, C. C., C. A Johnson, and L. M. Cockaday, This Physical 
World—383 

Clark, G. L., Applied X-Rays—60 

De Vries, L., French-English Science Dictionary—62 

Dwight, H. B., Mathematical Tables—251 

Eastman Kodak Co., Kodak Reference Handbook: Materials, 
Processes, Techniques—316 

Electrical Engineering Staff, Massachusetts Institute of Tech- 
nology, Electric Circuits—62 

Ellis, C., A. A. Wells, and F. F. Heyroth, The Chemical Action of 
Ultraviolet Rays—250 

Fisher, C., and M. Lockwood, Astronomy—384 

Foster Instrument Co., Tables of Constants for Pyrometers—196 

Frank, P., Between Physics and Philosophy—315 

Gamow, G., The Birth and Death of the Sun—252 

Garnett, C. B., Jr., The Kantian Philosophy of Space—251 

Graduate School, Ohio State University, Graduate Study and 
Research in Physics and Astronomy—252 ° 

Gray, G. W., Education on an International Scale—252 

Hague, B., An Introduction to Vector Analysis for Physicists and 
Engineers—61 

Hammond, P. F., Physics—129 

Hartshorn, L., Radio-Frequency Measurements by Bridge and 
Resonance Methods—247 : 

Heiland, C. A., Geophysical Exploration—196 

Hendren, L. L., A Survey of Physical Science—250 

Hering, D. W., W. F. G. Swann, J. Dewey, and A. H. Compton, 
Time and Its Mysteries—252 

Huey, E. G., What Makes the Wheels Go Round—A First-Time 
Physics—250 

Humphreys, W. J., Physics of the Air. Ed. 3—196 

Jauncey, G. E. M., and A. S. Langsdorf, M. K. S. Units and 
Dimensions and a Proposed M. K. O. S. System—60 

Jeans, Sir James, An Introduction to the Kinetic Theory of Gases 
—247 

Keyser, C. J., Portraits of Famous Philosophers Who Were Also 
Mathematicians—251 

Karapetoff, V., Experimental Electrical Engineering. Vol. II—131 

Krauskopf, K. B., Fundamentals of Physical Science—382 

Lindsay, R. B., General Physics for Students of Science—247 

Llewellyn, F. B., Electron-Inertia Effects—195 

Lloyd, L. S., The Musical Ear—252 
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Loeb, L. B., Fundamental Processes of Electrical Discharge in 
Gases—248 

Lucas, J. A., and B. Dudley, Making Your Photographs Effective 
—131 

Matheson Co., Lecture Demonstrations with the Common Gases 
—316 

Mayer, J. E., and M. G. Mayer, Statistical Mechanics—248 

McKay, H., Odd Numbers, or Arithmetic Revisited—252 

Michels, W. C., Advanced Electrical Measurements—130 

Morley, A., Strength of Materials—62 

Namias, J., and others, An Introduction to the Study of Air Mass 
and Isentropic Analysis—251 

National Bureau of Standards, Timekeeping Through the Ages— 
316 

Noll, V. H., The Teaching of Science in Elementary and Secondary 
Schools—196 

Perkins, H. A., College Physics—Abridged—249 

Petterssen, S., Introduction to Meteorology—383 
Weather Analysis and Forecasting—62 

Piston, D. S., Meteorology —196 

Ramsey, A. S., An Introduction to the Theory of Newtonian 
Attraction—247 

Revere Copper and Brass, Inc., Revere Weights and Data Hand- 
book—316 

Rice, O. K., Electronic Structure and Chemical Binding with 
Special References to Inorganic Chemistry—60 

Roberts, J. K., Some Problems in Adsorption—195 

Robertson, J. K., Introduction to Physical Optics—130 
Radiology Physics—129 

Rockefeller Foundatior, The Rockefeller Foundation—A Review 
for 1940—252 

Ruhemann, M., The Separation of Gases—247 

Seitz, F., The Modern Theory of Solids—130 

Smith, N F., G. C. Comstock, and A. W. Hanson, A Laboratory 
Course in Physics—248 

Smythe, W. R., Static and Dynamic Electricity—60 

Sohon, F. W., The Stereographic Projection—195 

St. Clair, R. W., Photographic Lenses and Shutters—62 

Steeds, W., Mechanism and the Kinematics of Machines—251 

Stewart, O. M., and B. L. Cushing, Physics for Secondary Schools 
—250 

Strong, E. W., Procedures and Metaphysics—251 

Sutcliffe, R. C., Meteorology for Aviators—196 

Taylor, J. H., Vector Analysis—61 

Thomas A. Edison, Inc., Edison Storage Batteries—316 

Turner, P. K., Photographic Exposure—131 

United Air Lines, Teaching Kit of Aviation Aids—316 

Vinal, G. W., Storage Batteries—130 

Vinogradov, G. V., and A. I. Krasitlschikov, Atlas of Nomograms 
for Physical Chemistry—251 

Warren, A. G., Mathematics Applied to Electrical Engineering— 
131 

Webb, W. S., and B. P. Ramsay, Demonstration Lectures in 
Physics—Lecture Outline and Record Sheets, 250 

Weber, R. L., Temperature Measurement—195 

Weniger, W., Fundamentals of College Physics—129 

White, H. E., Classical and Modern Physics—129 

White, M. W., Experimental College Physics—60 

Wood, A. B., A Textbook of Sound. Ed. 2—247 


Scientific method (see Methodology and philosophy of science) 
Secondary school physics (see also Education; General physics; Lecture- 
demonstrations; Visual materials and methods) 
Arizona schools, physics in, E. H. Warner—368 


Bibliography of studies in physics education, J. R. Hollingsworth 
—297 


ANALYTIC SUBJECT 


INDEX 


College demonstration lectures for school students, O. Blackwood 
—58(D); S. B. Arenson—120 
College Entrance Examination Board physics syllabus—304 
General education, physics course for, R. J. Stephenson, G. W. 
Warner—S0 
Literature: textbooks—250(R) 
Mathematics and physics, P. S. Epstein—34 
Pennsylvania schools, physics in, M. H. Trytten, J. M. Leach—96. 
57(D) 
Photography, need for instruction in, W. E. Dobbs—176 
Teachers, their preparation as shown by national tests, C. W. 
Croon—45; their role and significance, R. A. Millikan—81 
Shop practice and apparatus 
Cleaning resistance box plugs, J. Harty—50 
Cleaning laboratory tables, W. A. Becker—133(D) 
Sound (see General physics; Intermediate and advanced physics; 
Lecture-demonstrations) 
Survey courses (see also General physics) 
Literature: textbooks—250(R), 383(R) 
Courses in University System of Georgia, E. H. Dixon—194(D) 


Teacher training (see also Education) 

Bibliography of studies in physics education, J. R. Hollingsworth 
—297 

Preparation of Negro college teachers, H. W. Woodson—180 

Preparation of school teachers, as shown by national tests, C. W. 
Croon—45; in Arizona, E. H. Warner—368; in Pennsylvania, 
M. H. Trytten, J. M. Leach—98, 51(D) 

Significance and role of the teacher, R. A. Millikan—81 

Summer workshop, R. J. Stephenson, G. W. Warner—50 

Teaching aids (see Reviews; Visual materials and methods) 
Terminology and notation 

Atomic weight unit, W. C. Sumpter—317(D) 

Color terminology, Anon.—317(D) 

Cycle per second, Anon.—253(D) 

Dimensions of a quantity, V. F. Lenzen—245(D) 

Fundamental and derived units, R. D. Rusk—57(D) 

Tests 
Examinations for prospective teachers, C. W. Croon—45 
“Stripped problems” tests, H. K. Schilling—124 

Textbooks, errors and inadequate treatments in (see also Reviews) 

Errors in texts: electromotive force and potential difference, R. W. 
Kenworthy—380, 246(D); Newton's synthesis of light, H. A. 
Perkins—188; speed of light, early estimates, C. B. Boyer— 
253(D) 

Inadequate treatments: contemporary physics, G. E. Grantham—S52; 
electric field of a steady current, A. Marcus—225; Faraday 
laws of electrolysis, W. W. Sleator—166; loudness and 
intensity, L. B. Ham—213; temperature concept, L. Balamuth, 
H. C. Wolfe, M. W. Zemansky—199; W. Noll—194(D) 


Units, dimensions and measurements 
Dimensions, meaning of, V. F. Lenzen—245(D) 
Fundamental and derived units, meaning of, R. D. Rusk—57(D) 
Literature—60(R) 
Mil, angular unit, R. S. Burlington—253(D) 
Poundal, A. P. R. Wadlund—189 


Visual materials and methods (see also Lecture-demonstrations) 

Historical prints, paintings and caricatures, E. C. Watson—41, 111, 
184, 237, 307; ‘‘The Alchemist’’—196(R) 

Motion picture and slidefilm subjects—131(R), 196(R), 253(R), 
316(R), 383(R) 

Motion picture “‘The electron,”’ teaching value of, C. J. Lapp—112 

Museum experiments, I. V. Ragsdale—194(D) 

Projection lantern, glass cell for, L. W. Mulliger—197(D) 








